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* A with arbitrarily selected centers of mass. Also, when actual aeroballistics
data are used, it determines the behavior of the S&A mechanism in a projectile
"with pathological motion.

S~~A sample simulation, with the dimensions of the M739 S&A mechanism, was ;

run at 30,000 rpm with small precession and nutation velocities. It showed
essentially the same number of turns-to-arm when only spin is present.
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INTRODUCTION

A computer simntlation was developed for a complete artillery safing and
arming (S&A) mechanism containing a straight-sided verge runaway escapement, a
two pass involute step-up gear train, and a spin driven rotor which must operate
in a projectile that experiences spin, precession, and nutation.

Top views of the mechanism planes of the two possible configurations are
shown in figures 1 and 2. The position of this mechanism plane with respect to a
projectile which experiences the aeroballistic motion is shown in figure 3.

While the basic ideas concerning the three motion regimes of the runaway
escap.2ment (coupled motion, free motion, and impact) are identical to those
developed for the verge type runaway escapement (ref 1), the presence of the
three dimensional projectile kinematics makes it necessary to consider three
dimensional force and moment equations for all ,mechanism components in order to
derive the mathematical models for the motion regimes.

The following briefly outlines the course of the derivation of the mathemat-
ical models:

I. Kinematics of Aeroballistic Systems: Absolute angular velocities and

accelerations in terms of component-fixed and projectile-fixed coordinate systems
(app A)

2. Angular Momentum and Its Derivatives in Various Coordinate Systems:
Three dimensional moment equations in various coordinate systems (app B)

3. Absolute Acceleration of the Geometric Center C of the Mechanism
Plane (app C)

4. Dynamics of Rotor Driven S&A Mechanism with a Two Pass Involute (ear
Train and a Verge Runaway Escapement Operating in an Aeroballistic Environment:
The derivations of the equations of motion for both entrance and exit coupled
motion, free motion, and impact regimes are contained in the appendix. Expres-

* sions for all types of contact forces are given. The pivot friction forces are
treated conservatively (refs I and 2). The change of direction of the friction
forces and torques in the gear train due to a motion reversal of the mechanism
are handled by appropriate sign change of the coefficient of friction (app D).

5. Projectile Kinematics: Since at the present time actual aeroballis-
tic data are not available for incorporation into the program, a set of appropri-

* ate expressions, which allows certain simulation runs, has been provided (app E).

6. Computer Program SAEROV: The listing of the program also contains a
sample output (app F).

To understand the derivations in the appendixes, it is suggested that refer-
ences 1 through 5 be consulted concerning the work on gear trains as well as
rotor and constant torque driven S&A mechanisms which contain pin pallet and
verge type runaway escapements. For general background and kinematics, referenc'e

1 i
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6 is recommended. For the understanding of three dimensional rigid body dynamics
as well as the relationships between the non-orthogonal coordinates by which the
aeroballistic motion is expressed and the orthogonal ccmponent-fixed and projec-

,. tile-fixed coordinate systems used, references 7 and 8 are suggested.

DESCRIPTION OF COMPUTER PROGRAM SAEROV

4l 'With the exception of the inclusion of the aeroballistic kinematics, the
programming schemes which make it possible to distinguish between entrance and
exit coupled motion, free motion, and impact run parallel to those given in ref-
erence 1. (This reference lists the control details applicable to the separation
of entrance and exit coupled motion. For other control details, see references 2
through 5.)

The main program starts with the reading in and writing of all relevant
l physical data. This is followed by the computation of gear ratios, fuze body

angles, gear train constants, and earliest and latest possible values of the gear
angles by way of subroutine ALFA, as well as the initialization of the gear
angles. The simulation begins with entrance-coupled motion at a starting angle

*! PHID, which represents that angle * of the escape wheel that is associated with
the approximate center of the entrance working surface of the pallet. This angle
then corresponds to a cumulative escape wheel angle PHITOT of 0 degree.

Coupled Motion (Location 1)

Regardless of whether entrance- or exit-coupled motion takes place, differ-
ential equation D-513 must be solved. (The difference between entrance and exi-

1 tion motion is set by the value of the signum function s7 as used in the computa-
tions of parameters A1 6 , A21 , A2 9 , A3 3 , A36 , and A51.) To this end, the main
program calls on an available fourth-order Runge-Kutta routine. 1  The main pur-
pose of the subroutine FCT is to present the second-order differential equation
in terms of two first-order ones to RKGS. PHIl(l) and PHT(2) represent the angle
, and the angular velocity ý, respectively. The computation of all parameters of
the differential equation takes place by way of subroutine FCT, which itself
calls on subroutine KINEX and AFIVE. The latter subroutine calls both on subrou-
tine ACCEL, which depends on subroutine AERO, as well as on the sequential sub-
routines AWON, CWON, ATWO, CNO, ATHREE, CTHREE, AFOUR, and CFOUR.

The subroutine KINEM computes current values of g, 4 and • (ref 1, app C) as
well as the moment arms A', B', C', and D' (ref 1, app D).

RKGS Routine, IBM System/360 Scientific Subroutine Package (360A-CM-OX3), Ver-

sion III.

5



, Subroutine AFIVE computes varioue gear mesh parameters and instantaneous
mesh contact angles, as well as the signum functions sl, 82, 83, s4, s 5 , and 57.
In addition, the parameters A1 to A1 2 0 and C1 to C7 2 (app D) are obtained with

the previously mentioned subroutines. 2  The gear-indexing operation (ref 4) is
performed with the help of the angle *.

The instantaneous rotor angle b0c. + N ý/ of the coupled motion differential
equations must be expressed in subrtine C. Recall that t• is the initial
rotor angle; 0T is the total angle of rotation of the escape feel. Since the
angle 0 with the Runge-Kutta variable PHI(I) varies between approximately 134 and
144 degrees during entrance-coupled motion and between 209 and 216 degrees during
exit-coupled motion, the total escape wheel angle o can only be obtained by
continuously adding the increments due to each cycle oT Runge-Kutta computations.
Therefore

OT 0 + AT (1)

where

ST total escape wheel angle up to a certain Runge-Kutta cycle.

(This is represented by PHITOT in the program.)

-A increment of escape wheel during this Runge-Kutta cycle.

The increment A$ is calculated as the difference between the latest value of
PHI(1) and its previous one which has been stored as PHIPR. In this manner,
equation I becomes

""T PHITOT + PHI(l) - PHIPR (2)

Subroutines associated with AFIVE also decide on the values of IPR and I R
as required by equations D-134 and D-135 as well as equations D-409 and D-410
(app T). The associated conditional statements assign the larger values for
these combined moments of inertia whenever the product of the angular velocity
and the angular acceleration is positive; i.e., both quantities have the same
sign.

The associated subroutine OUTP is responsible for printing out the results

-, *, and *, together with the current values of time, g, i, i, and PHITOT.
Further all coupled motion contact forces are calculated according to equations

* D-520, D-525, D-527, anti D-529, and the maximum values of these forces during one
arming cycle are determined.

2 The program uses the symbols AAI, etc. throughout. This should not be confused

with the symbols AA16 to AA1which are first used in the combined exit-coupled
motion differential equation (D-278).

6
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Free Motion (Location 5)

The differential equations of free motion, as given by equation D-53U for
the pallet and equation D-531 for the combined escape wheel-gear train-rotor
system, are again solved by the Runge-Kutta routine. To obtain the magnitudes of
the variables t and q, as well as their derivatives at identical times, the two
independent second-order differential equations are transformed into four simul-
taneous first order equations. (While only the two first-order equations associ-
ated with each of the twu variables are actually coupled, the routine treats all
four as if they were coupled and, therefore, produces solutions for identical
time incrementq.) These four expressions, which are presented in subroutine
.FCT', are of the following form:

01D0C) - X(2) : (= (3)

DX(3) X x(4) : (= (4)

DX(2) A- [r-AI1b(X(2))+ A19 X(2) + A4] ( ) (5)

a..

DX(4 -A (X(4)) 2-A X(4)-A + mp r (K sin'-K coso)] : (- i) (6)

1K4 - L 3 2~X, 31 116 p cp x y

The subroutine F'CTI' also calls on subroutine AJIVE for the computation of all
gear-related parameters. 3

The associated subroutine OUTPF computes the free motio, contact forces
* according to equations D-537 and D-539 and finds their maxima. In addition, a
*! continuous count of k|ULTOT is provided by UUTeF. This angle as well as time,*, $, •, •, and the contact forces are printed out. The same routine also ,makes

the decision of whether or not to remain in free motion. The sensing variables f
and g' - GP are used for this purpose (ref 1, eqs E-4 and E-5).

- hImpact (Location 15)

The subroutine IMPACT uses the pre-impact values •i and of the angular

velocities and computes their post-impact values $f and according to equations
D-540 and 13-541 (app 0). (Note that the moment of inertia of the escape wheel is
now expressed according to equation D-542 (app D), which refers the rotor as well
as the gear train inertias to the escape wheel.)

3 whenever Iep - 0, the simulation stops because of the division by zero. Should
this occur, VGTF prints "IPR EQUALS ZERO--SIhULATIUN TERRIINATED.'

7
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Reversal of Gear Train hotion Due to Impact

If the impact torque on the escape wheel is sufficiently large, the motion
of the gear train may be temporarily reversed; i.e., the escape wheel angular
velocity $ may become negative. This would cause the friction forces between the
gear teeth and at the various gear pivots to be reversed in direction. (The
normal forces between the gear teeth remain unaffected, and the normal bearing
forces are obtained in the usual manner.) This change in the directio,1 of the
friction forces is expressed for both coupled and free motion by letting the
coefficient of friction p of all gear train components become negative (app K of
ref 2). This is accomplished in subroutine AJIVE by the following use of tile
signum function "

1U - ABS(MU) $/C$l (*1

(The coefficient of friction associated with the escapement interface and the
pallet pivot is called vi and is read into the programs as MUI.) Any motion
reversal at these surfacel is accounted for by the signum functions 84 and 85,
respectively.

Termination of Computations

Computations are terminated whenever the geared motion of the rotor ends.
This corresponds to * PHICUTD. The duration of the subsequent unretarded
motion of the rotor is assumed to be negligible.

COMPUTER SIM•JLATION OF" EXAMPLE MECHANISM

The mechanism which has been simulated is that ok a modified S&A device of
the 1,139 fuze. It has configuration no. 2 (fig. 2) and contains a newly-designed
involute gear train. While this gear train has the same gear ratio and individ-
ual center distances as the original design, each of the meshes now has unity
contact ratio.4  The simulation of this muchanism was accomplished with the help
of computer program SAEROV (app e). It was run for 30,UOU rpm to obtain maximum
contact forces and used the projectile kinematics (app B).

Both meshes were designed with the help of computer programs INVOL1l asd
GEARPARA , originally shown in Progress Report No. 11 of the "Development of
Automated Design Optimization Technique for Safety and Arming Devices" (Con-
tract No. DAAKIV-79-C-0251, January 15, 1981). Copies of this report may be
obtained from either o. X. Tepper, ARRADCOM or G. G. Lowen, The City College of
New York.

- t-. .. ... ........ ........ ...~



The following shows the input requirements of the program, explains the
various output data, and discusses the manner in which the "number-of-turns-to-
arm" is obtained for a given spin velocity.

Input Data

The first portion of the output repeats all input data, which represent the
mechanism parameters of the M739 fuze. These are listed both as computer vari-
ables and as symbols, according to the various appendixes of this report as well
as reference 1.

Escapement Parameters

A - a - 0.226 in. (5.740 mm) = distance between pivots 0 and 0
(fig. 2)

RI - b - 0.168 in. (4.267 mm) - escape wheel radius

C - c - 0.13138 in. (3.337 mm) - pallet radius as defined by figure F-I
of appendix F, reference I

AkLPHEN - a - 43.352 deg - entrance working aurface angle
en

ALPHEX - a 29.2981 deg - exit working surface angleex ,•

NT - 4 - number of escape wheel teeth spanned by verge

* CONFIG - 2 = configuration no. 2 (fuze body configuration no. 2 in
ref 1, app B).,'.

R=ST er 0 -coefficient of restitution

LAMBDA X , 92.93 deg - angle between entrance and exit pallet radii
(ref 1, app F, fig. F-I)

N - 22 - number of escape wheel teeth

For details of the above nomenclature, see reference 1, appendixes C, E,
and F.

Hlass Parameters of Components

M-iI i -0.3165 x 10 4 lb-sec2 /in. (5.552 x 10-3 kg) -mass of
S::rotor

9
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2 U.3275-510 lb-uec2/in. (5.745 x IU04 kg) -mass of gear
and pinion no. 2

3 =m3 0.2631 x 10-5 lb-sec2 /in. (4.615 x 10-4 kg) - mass of
escape wheel and pinion no. 3

P . .- 0.1640 x 10" lb-sec2 /in. (2.877 x J04 kg) - mass of
pallet!dii

""llx IH * 222 x U in.-lb-sec2 (1.383 x IU-7 kg - m2 ) - moment
r, F1.I of inertia of rotor with respect to • 1-axis (through cen-

ter of mass, see fig. A-3).
IEEL I * = 0.1234 x 1'"5 in.-lb-sec 2 (1.397 x IU1/ kg-m2 ) - moment of

nnl inertia of rotor with respect to n -axis

IZZi - I 0.1967 x 10"5 in.-lb-sec2 (2.226 x I1-7 kg-m 2 ) - moment of
"..•I inertia of rotor with respect to pivot axis (r.-axis)

I--

IXEl I A - 0.1012 x 10-6 in.-lb-sec 2 (-1.145 x 10-8 kg- 2 )
E I .product of inertia of rotor

IZXI-iM -U.3656 x 10"7 in.-lb-sec2 (-4.137 x 10-9 kg-m 2 ) - F.-l
product of inertia of rotor

IEZI - I W -M0.1770 x 10-7 in.-lb-sec2 (-2.003 x 10U- kg-m2 ) - i-
I _product of inertia of rotor

IX2 Ix2 U 0.2944 x 10-7 in.-lb-sec2 (3.389 x IU19 kg-m 2 ) - moment of
inertia of gear and pinion no. 2 (about axis normal to
pivot axis)

IY2 = Iy2 - 0.2944 x 10- in.-lb-sec2 (3.389 x 10- kg-m 2 )= moment of
inertia of gear and pinion no. 2 (about axis normal to
"pivot axis and perpendicular to x2-axis)

1Z2 -
1 z2-- 0.4026 x I0- 7 in.-lb-sec 2 (4.556 x 10- 9 kg-m 2 ) - moment of

inertia of gear and pinion no. 2 with respect to pivot
axis

xS - xs- U.2038 x 1U-7 in.-lb-secZ (2.307 x 10-9 kg-_ 2) moment ot
inertia of escape wheel and pinion no. 3 (about axis nor-
mal to pivot axis)

IYS Lys - 0.2038 x 0U-7 in.-lb-sec 2 (2.307 x 10-9 kg-m 2 ) moment of
inertia of escape wheel and pinion no. 3 (about axis nor-
mal to pivot axis and perpendicular to xs-axis)

'-UIzs =7 0.2125 x " in.-lb-sec2 (2.405 x 10-9 kg-m 2 ) = moment of
inertia of escape wheel and pinion no. 3 with respect to
pivot axis

10
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IXXP - I 0.1721 x 10-8 in.-lb-sec 2 (1.948 x 1IU-0 kg-m 2 ) - moment
of inertia of pallet with respect to Fp-aXis (through cen-
ter of mass, see fig. A-2)

SI' - I - 0*3038 x 10-8 in.-lb-sec 2 (3.438 x 10-10 kg-m 2 ) - moment
nn o inertia of pallet with respect to hi-axis

IZ 1 0.1951 x 10- 7 in.-lb-sec2 (2.028 x IU09 kg-m2) - moment of
"p inertia of pallet with respect to pivot axis (r -axis)

IXEP I U. - •p-n product of inertia of pallet

IZXP I p U. = p-p product of inertia of pallet

ueIneP : 1p 0. - p product of inertia of pallet

S~General Parameters

Cl- rcl -0.0567 in. (1.463 mm) distance from pivot of

rotor to its center of mass

RCP rcp- - pallet eccentricity

iHOP = p 0.0227 in. (0.577 mm) - pallet pivot radius

R21 - 30,000 - spin rate

PHIICD - -120.134 deg - rotor angle in starting position
"(fig. 2)

P SICC c - 0 deg - eccentricity angle of pallet

"PHID = 139 deg = escape wheel starting angle of initial coupled
motion

iPHICUTD - 1485 deg - cumulative escape wheel angle obtained from pro-
duct of total engaged rotor rotation and gear
ratio. The total rotor rotation for the 1i739
iuze is 46.41 deg, while the gear ratio is 32.
Thus, PIiIICU'D - 46.41 x 32 1485 deg.

hU U -0.10 - coefficient of friction of gear train
(pivots and tooth-to-tooth contacts) and escape
wheel pivot (constant for a computer run)

MUI 1 - 0.10 - coefficient of friction of pallet-escape
wheel interface and pallet pivot (constant for a
computer run)

A
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LU LL - LU * LL * 0.285 in. (7.24 mm) - one-half of mean distance

between bearing plate surfaces

Gear Parameters

PSUSD1 Pd1 a 80 -diametral pitch of mesh no. 1 (rotor and pinion'
no. 2)

St PSUhD2 - kFd2 n 100 - diametral pitch of mesh no. 2 (gear no. 2 and
escape wheel pinion)

NGI 64 - number of teeth of rotor (full gear no. 1)

NG2 - NG2 " 36- number of teeth of gear no. 2

NP2 N P 2 - number of teeth of pinion no. 2

NP3 " NP3 - 8 - number of teeth of pinion no. 3 (escape wheel pinion)

CAtRP1 - Rp1, 0.41214 in. (10.468 man) - pitch radius of gear no. 1
(rotor)

-CAPR2 =- P2 " 0.19039 in. (4.836 -m) - pitch radius ot gear no. 2

K12 - rp2 - 0.05796 in. (1.472 mm) - pitch radius of pinion no. 2

RP3 a rp3 - 0.04231 in. (1.075 mm) - pitch radius of pinion no. 3
(escape wheel pinion)

ThETAH E M 1 - 24.215 deg - pressure angle of mesh no. 1

THETA2 - 2 2 27.326 deg - pressure angle of mesh no. 2

RI - 61 - 0.25U0 in. (6.350 -m) - distance of rotor pivot from spin
axis

Fi2 6t2 0.317 in. (8.052 mm) - distance of pivot of gear and pinion
set no. 2 from spin axis

"R3 - 63 m 0.309 in. (7.849 mm) - distance of pivot of escape wheel from
- "spin axis

R4 - 04 - 0.304 in. (1.722 mm) - distance of pivot of pallet from spin

axis -

IRUOI - P1  0.03075 in. (0.781 mm) - pivot radius of rotor

nlIO2 p2  U 0.015 in. (0.381 ) -pivot radius of gear and pinion no. 2

"RH003 - 3 n 0.015 in. (0.381 mm) - pivot radius of escape wheel

12
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RHOFI - Fl 0.055 in. (1.397 mm) - friction thrust radius of rotor
(for computation of friction thrust
radius see p 268 in ref 8)

RHOF2 P PF2 - 0.0294 in. (0.747 mm) - friction thrust radius of gear and
pinion no. 2

RROF3 p OF3 - 0.0294 in. (0.747 mm) - friction thrust radius of escape
wheel and pinion no. 3

RHOF - p- 0.1138 in. (2.890 mm) - friction thrust radius of pallet
0 5)u

S iCAPRBI - Rbl - 0.37588 in. (9.547 mam) - base radius of gear no. 1

CAPRB2 - Rb2 - 0.16915 in. (4.296 mm) - base radius of gear no. 2

RB2 - rb2 = 0.05286 in. (1.343 mam) - base radius of pinion no. 2

RR3 - rb3 - 0.03759 in. (0.955 mm) - base radius of escape wheel pinion

CAPROI o - 0.41425 in. (10.522 mun) - outside radius of gear no. 1

CAPR02 R O 0.19404 in. (4.929 mm) - outside radius of gear no. 2

R02 - r02 - 0.07670 in. (1.948 mm) - outside radius of pinion no. 2

R03 - ro 3 - 0.05580 in. (1.417 mm) - outside radius of escape wheel
pinion

JI J - 0 - initialization parameter for mesh no. I [The zero value
corresponds to earliest possible contact of mesh (ref 3).1

J2 - J 2 - 0 - initialization parameter for mesh no. 2

Projectile Parameters

RX, RY, RZ -coordinates of geometric center C of mechanism plane with
respect to projectile center of mass, expressed in
projectile fixed coordinate system with origin at point
OpR [This system is parallel to mechanism plane fixed XY
system (figs. 1 through 3 and C-1).]

RX - Rx 0.001 in. (0.0254 mm)

RY - - 0.001 in. (0.0254 mum)

RZ R z 20.0 in. (508 mm)

13
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Projectile Kinematics

The projectile kinematics are programmed in subroutLne AERO according to
the expressions given in appendix B. The following parameters are incorporated: I.

Lor equation E-5, KP Kp - 100

For equation E-8, THETIN = 8 deg
TV - 2 deg
KN -10

DDZ - 2 - -386.4 x 10 (corresponds to a IU-g decel-

eration)

Output Data

The data blocks following the input data represent the results of various
computations.

Fuze Geometry
I.,

The angles BETAID - 1i to BET3OD -3 and G.INA2D -2 to GAiHA4D -Y4

are printed for checking purposes.

Coupled hotion

The first coupled motion output refers to the entrance side of the
verge. For each time T of the coupled motion, the following variables are
computed:

VH£ - i- nstantaneous escape wheel angle (deg)

PHIDOT - $ - escape wheel angular velocity (rad/sec)

G- g - pallet - escape wheel contact position (in.) (ref 1, app C,
eq C-15)

PSID - 'p pallet angle (deg)

PSIDOT - i - pallet angular velocity (rad/sec)

.. HITOT - *T - cumulative escape wheel angle (deg)

F23 F F23 - normal contact force of gear no. 2 on pinion no. 3 (lb)

14
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P12 1 FI 2 - normal contact force of gear no. I on pinion no. 2 (lb)

PN - * normal contact force between escape wheel and pallet (lb),
computed according to equation D-529 in appendix D

'' •PNPSI = Pn - normal contact force between escape wheel and pallet
(ib), computed according to equation D-527 in appendix D

(serves for checking)

;; DPH12 " escape wheel angular acceleration (rad/sec), Rune-Kutta
output

Free Motion

The first free motion on the exit side follows the coupled motion on the
entrance side of the verge. For each time T of the free motion, the following
variables are evaluated:

PHI - instantaneous escape wheel angle (deg)

PIIII)OT - - escape wheel angular velocity (rad/sec)

PSI - ' = pallet angle (deg)

PSIDOT - - pallet angular velocity (rad/sec)

FF12 - FF12 - normal contact force of gear no. 1 on pinion no. 2 for
free motion (lb)

FF23 - FF23 = normal contact force of gear no. 2 on escape wheel pi-i-
ion for free motion (Ib)

Impact

The first exit impact follows the first exit free motion. Just preced-
ing the IMPACT label, the program prints the values of VP W VTNi and VS - VSN4
which stand for the pre-impact velocity components, normal to the verge face of
"both the pallet and escape wheel contact points (ref 1, app D, eq D-13). Subse-

. quent to the IMPACT label, the following variables are evaluated:

PHI " 4 instantaneous escape wheel angle (deg), same as before
impact

PHII)OT - post-impact escape wheel angular velocity (rad/sec)

PSI - 'p pallet angle (deg), same as before impact

15
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PSIDOT - 4 = post-impact pallet angular velocity (rad/sec)

PRITOT - *T - cumulative escape wheel angle (deg), same as before
impact

VP VTNf - post-impact normal velocity component of pallet at con-
tact point (ref 1, eq D-15)

VS - VSNf - post-impact normal velocity component of escape wheel
tooth at contact point (ref 1, eq D-13)

In the present program, the post-impact VP is equal to VS since the coefficient
of restitution is zero.

Number of Turns-to-Arm and Maximum Contact Forces

The number of turns-to-arm at 30,000 rpm is obtained with the help of
that time T1 4 8 5 which corresponds to the escape wheel angle PRICUTD - 1485 deg.
Thus, with T14 8 5 " 0.05094 sec,

number of turns-to-arm x 0.05094 25.47

The maximum non-impact contact forces for the total cycle, for both
coupled and free motion, are listed at the end of the output.

CONCLUSIONS

While it was not the purpose of this investigation to undertake a parametric
study of the mechanism for which the program was written, the program was suffi-
ciently tested to confirm that such a study is possible. It may include varia-

* tions in masses and moments of inertia of all components; variations in the loca-
tions of the centers of mass of the verge and the rotor; variations of gear,
escapement, and fuze geometries; as well as various friction and coefficient of
restitution conditions. In addition, the aeroballistic data can also be varied.
This makes it possible to determine the functioning limits of the mechanism under
pathological projectile flight conditions.

The present work reports only on a single test run using the M739 fuze S&A
data with a system coefficient of friction of 0.1. This is assumed to be repre-
sentative of actual test conditions since previous simulations of pin pallet
escapements showed that the range of actual experimental results (with spin only)
may be reproduced with coefficients of friction between 0.1 and 0.2, and a spe-
cial lubricant is used in conjunction with the M739 fuze. This choice of coeffi-
cient of friction is proven by the good agreement with experimental results. A
zero coefficient of restitution is used in the impact model (ref 1 and 2).

Previous high-speed motion picture observations of pin pallet escapements
showed that the impacts were essentially inelastic and that a zero coefficient of

16



restitution was justified. Similar observations made on the detached lever
,i escapement of the M577 fuse timer confirmed this.

The test run showed that for a spin rate of 30,000 rpm, together with small
precession and nutation velocities chosen in the manner shown in appendix E, the
number of turns-to-arm is essentially the same as that obtained in reference 6
where only spin was considered.

1%
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ANGULAR VILOCITZI£S AND ACCEILERATIONS IN TElRMS OF PROJECTlLE-e'IXhED CJORDINATES

A projectile which experiences general aeroballistic motion, i.e. spin about
an axis through its center of mass as well as precession and nutation of this
spin axis with rerpect to its center of mass, is shown in figure A-I. (In the
figure, the spin axis coincides with the geometric axis.)

The spin angle, spin velocity, and spin acceleration are expressed by the
71

time dependent quantities •E' and (The subscript H stands for the Euler

angles, which are involved in this derivation.) Similarly, the kinematic quanti-

ties associated with the precession are , * , and . The nutation variables

are e., 6, and OE (refs 7 and 8).

With spin, precession, and nutation angular velocity vectors, together with
their associated angles (fig. A-I), orthogonal angular velocity components in
terms of the projectile fixed x-y-z system may be obtained as follows:

Let

etb/a xi + y + Wzk (A-i)

wihere w represents the angular velocity of the projectile b with respect to
the inertial frame a. Then

W . cos 4  + sin 6 sin (A-2)

6" sin *E+_I u . E 0CosE (A-3)

WZ1 + Cos 0E(A-4)

E E

the absolute angular acceleration of the projectile, i.e.,

is obtained by differention of the body fixed quantities with respect to time.
Thus

1 x K Cos E 6
5 E 5 sin H+ sin 05 sin tE(A-5b)

+ H •- Ecos 0 E sin E + Oh sin os E

W 5 + coto sin A C + E sin cos E (A-50

0@0+ Cos 0 cos sin 3. sin

23
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Xe0

FIGURE A-1

PROJECTILE-FIXED x-y-z SYSTEM

Note. This system is later described

with capital letters X-Y-Z

NOTE: This system is later described with capital letters X-Y-Z.

Figure A-i. Projectile-,fixed x-y-z system
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ANGULAR VELOCITLES AND ACCELERATIONS IN TEIMS Of PROJECTlLIE-IXED COORDINATHE

Pallet-Vixed Coordinates

The relationship of the pallet-fixed E - system with respect to the
proJectile fixed X-Y-Z and x,-y,-z' systems Pis uifown An figure A-2 (ref 1).

The -n plane 'is parallel to the x -y' and X-Y planes and contains the
pallet cenleer oP mass Cp. The -axis is parallel to the z and z' axes.

p
The pallet angles * and *' are measured in the p- i_ plane and are other-

wise defined as in reference 1. Before determining tA absolute angular velocity
and acceleration of the pallet, a number of unit vectors should be defined.
According to equations B-28 and B-29 of ref 1:

* s -Cos - sin R(A-6)

and

Jo - sin 0i - cos (A-7)

-i i'urther, when expressed in the primed system, pallet fixed unit vectors become:

n- - cos Oi' + sin B3' (A-8)
p

n -- sin 81' + cos 03' (A-9)
np

where

, -= 1 + (c (A-lu)
"1 -'

If equations A-6 and A-7 are substituted into the above expressions, after
some trigonomecric simplifications, the following expressions are obtained for
the pallet fixed unit vectors in terms of the X-Y-Z system:

n& incoo all sinc' (All
p67

. - " - 25
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Figure A-2. Pallet-fixed coordinate system
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and

S@in a'S-! cos a-- (A-12)
ap

where

- C" + •c +B (A-13)
c 3

Because of the given parallel axes,

~1 p

It the relative angular velocity of the pallet P with respect to the projec-
tile b is given by

, (A-15)
p/b

then its absolute angular velocity is given by

'p/a = p/b + 'Ob/ a (-

"T'o express equation A-16 in pallet-fixed t~erms, UiL s necessary to transform

equation A-i which gave w According to equations A-11 and A-12:

i - - cos a' n + sin a' n (A-i)•p np

and

=-- sin a' n - cos a' n (A-18)
-p p ~

Thus, one obtains in the pallet fixed system:

Td -[W coo al + t a' .+ sin a' w Cos a']

+ w n (A-19)p C

. i,27
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Finally, the absolute angular velocity of the pallet to becomes with equations
A-15 and A-16: p.

*.~ ~ w. n. ea ~ + n
P. /a top *n W r (A-20)

1 , p p P p p p p

where

• wi (w coso ' + w sin a') (A-21)
x y

W o sin at'-w ycosa' (A-22)

C to + (A-23)

The absolute angular acceleration to of the pallet is obtained by the
differentiation with respect to time of measure numbers of equation A-20,-- '": i~e.: :

n + n + W n (A-24)
n +wn np/ r, P p ~p

"where

S- cos a' - s , sin c' + w sin al + (Ao cos a,) (A-25).x x y y
p

•I sin a' + Wx Cos a' - cos Ca' + Wytop sin ca' (A-26)

i -t + I (A-27)
z

"Rotor-Fixed Coordinates

The relationship between the rotor-fixed & - n - r system and the projec-
tile fixed X-Y-Z system is shown in figure A-A (set also ref 1) The -

plane is parallel to the X-Y plane and contains the center of mass C1 df th
rotor (referred to aa link I below). The • 1 -axis connects the point 01 on the
rotor pivot centerline and point C1.

"28
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The rotor angles _ and * are measured in the • - n1 plane * *.repre-
sent$ the initial positil of thl &1-axis, i.e. the C 1 xis, with respeJ to the
X-axis. 1

The unit vectors associated with the rotor-fixed system are given by:

"cos (*Ic + 41)1 + sin (fIc + ý1)1 (A-28)

= sin (01C + f11 + cos (ý1 c +:: (A-29)

and

'1 (A-30)

because of the gear train, it is best to let (see ref 1, eq B-123):

t• * 4 431 *T (A-31)

Then

Y = n1c+ N31 ,T (A-32)

The absolute angular velocity Wb" of the projectile is expressed in terms of the
rotor fixed coordinates with the Iflp of equations A-I and A-28 to A-30:

Ib/a Ox + yJ + Wz!

= sjgx (coso sinY%

+ y (sin ynl +cos ynY + n

or
sin y J

o b/a 1w [xCos Y + toy F. ] ~

+ w sin y + w cos y]n

+ w n• (A-33)

To obtaitn the total angular velocity 11/a of the rotor, its relative angular
velocity ; 1 must be added vectorially to equation A-33:

29
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Rotor1

* ,Mechanism Plane OC-O

11

Projectile b

-- -- -- -

Figure A-3. Rotor-fixed coordinate system

30



I/ * &L. + N31n; (A-34)

Then, with equation A-33:

i/a WC nC1 + W n + (A-35)

where

W a*&eY + W ainY (A-36)

mY

W -W sin Y+~ WCosny (A-37)

•W Ws s + N93 (A-38)1 3
a .31 ...

To obtain the absolute angular acceleration a of the rotor, differentiate the
measure numbers of- equation A-35 with respect time. Thereforea

'"/aUF,1 n', + w n ni+ W n 41(A-39)

where

- cos y - N sin N + (I sin Y + Nw *Cos Y (A-40)

Ssin - N Cos y + Co. cos N N 3 sin y (A-41)

1 " + N3 1  (A-42)

413

Two Ways of Obtaining Expressions for Absolute Angular Velocities and Accelera-
tions of Components, Such as the Pallet, in Terms of Projectile-Fixed Coordinates

Let it be required to express the absolute angular velocity and the absolute
angular acceleration of the pallet, as given by equations A-20 and A-24, in terms
of the projectile fixed x'-y'-z' system (fig. A-2). This is accomplished by
substitution of equations A-8, A-9, and A-14 for the unit vectors of the above
expressions.

L3
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This leads to
Wp/ax - "x COSo + W sin 13 )i' + (w. sin s - y

Key 3I y 3)3 ty 31

+ (WC +
(A-43)

and

0•a [x co 3 -ty s.. 3 +, •x snI3 - y a 3)]i

Cos -oC coo + C sin
sYn .- 3 y 3 x 3 y 31

+ + *]t' (A-44)

The same results may be obtained if the vector , is interpreted as a vari-
able vector in the pritned system, which is attached to the projectile. Virst let
the absolute angular velocity of the projectile be expressed in terms, of the x'-
y'-:' system. This is accomplished by substituting equations A-6 and A-7 for the
unit vectors I and 3 in equation A-i. (The unit vector i is also i' in tHe pre-
sent systems.)

Then

b/a, x s i 3 + y sin3)

+ (tox sin 3 " •yCos a3zCA4•
+ 3 Si. 3)1 +y' to.' (A-45)

The absolute angular velocity of the pallet becomes, according to equation A-16

"/ = 4 k' + tb/a ' (A-46a)
"" P/SyI z'

or

W p/ax' "-C,,(, cos 3 + toy sin 8)i' + ('x sin -3 "y coo 03)j'

"p /a + '

'!+ Wz (A-40b)

This is identical to equation A-43.

To obtain the absolute angular acceleration of the pallet, the tollowing
expression in which E is treated as a variable vector in the x'-y'-z' system
must be evaluated. Therefore,

32



( y' X' + tbl l (A-47)

where differentiation of equation A-45 yields

wb/axeyi, "(x coo B 3 + y sin 313 )1. + Ix sin B3 - coo 03)1'

+ (A-48)

Completion of all operations in equation A-47 leads to:

ClP/a I-[W XCos a 3 - y sin 03 +~ $xsn0 .coB 3)1

sin B3 - Cos 03 +4, (w coos 0+ w sin 03)]]

+ + ' (A-49)

This expression is identical to equation A-44.
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APPENDIX B

ANGULAR MhOMIENTUM4 AND ITS DERIVATIVES IN

VARIOUS COORDINATE SYSTRMS
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Angular Nomentum

The angular momentum vector HU. with respect to a point 0., has the general
expression:

"o" [I~x " I yWy IzxW']1x -Y

+ xy x +yy y zxZ13

+ [-Izx Wx I 1 yX.( + I zz W -• y z

The above holds for all types of body-fixed and space-fixed coordinate systems.
If principal axes are involved, the products of inertia vanish. Note that the
angular velocity component must be absolute.

Derivative of Body-Fixed Angular homentum Vector: Torque Equation

Body b in general motion is shown in figure B-i. It contains the body fixed

X-Y-Z system and its angular momentum may be expressed with the help of equation
B-I.

The time derivative of the angular momentum with respect to the inertial Xo-

Yo-Zo system is obtained from:

- d-
Hdt (i)Y + Z x ;i0 (z3-2)

where

d ox
d" LH y - derivative of the measure numbers in equation S-1

and

W: x HU (W Xo" + Wyf + W z} x 0o

It is to be recalled at this point, that the absolute angular acceleration of
body b is .given by:

+ o~i + ,+k (B-3

Both • and ) are now expressed in terms of the body fixed coordinates.

37
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7w• Ti~me Dependent

Angular Velocity

!z

4;

Z (k / ,Body b

Ietal frame

4..

Figure B-1. Body b contains X-Y-Z systeDn
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Upon performing& all oper.atin of equation B-2, the torque equation with
respect to point 0 results:

- / t0/ Y z 0

,oxx y W gz.1yy xy (Wz x y)/

2 2[y yxt + WyA W 2 xx- Iy zX + Ixyz (Wz x .- Zy)

y2 2)]3

xy x y zxy

+ i(*a + W W (-I- I2)]

" yz Cy x •xz ) xy (x2 my2 (H-4)

"When I - yz - Izx 0, the above expression becomes the well known Euler
torque equation.

Nti Derivative of Angular Momentum Vector Which is Described in Terms of the Body-
kFixed System of a Carrier: Vector-Torque Equation

The carrier body b which has general rotational mution is shown in figure B-
2. Its absolute angular velocity and acceleration are given in terms of the
indicated body-fixed system, i.e.

W •b/a uWb/ax i + Wb/ayj + €Jb/azk Ck-5)

and

Wi ) 1+ W + b/W(~6
b/a " b/ax b/ay b/az

respectively.

The symmetrical body c rotates about an axis parallel to the Z-axis with
respect to body b with the relative angular velocity

clb" O)c/bb(t)k (B-7)

39
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,Z c i) 
-'

S~~rotates 
with angular -,

"velocity WCPAbk

with respect to

carrier body b

aCetrCof
mechanism plane

-Carrier b (projectile)

~ (IE)with body-fixed
X-Y-Z axes

0 PR Y(j)

Inertial Frame a

Figure B-2. Symmetrical body c has relative rotation about Z-axis
with respect to carrier b
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If the absolute angular velocity of the body is expressed in the X-Y-Z system and
* fixed to the carrier (projectile), the following is obtained:

lc/a "c•/b + /a (B.-s)

(For comparison see equation A-46.)

7bT obtain the absolute angular velocity . in terms of the projectile
fixed system, interpret (0e as a variable vector /At

W (B-9)
c/ax YZ cý/b + / xOc/b +%/a

0 0 0

where

c/a= c/bk, the relative angular acceleration of component C with
re pect to projectile b

!tb/a - given by equation B-6

iecause body c is symmetrical, its products of inertia with respect to its
center of mass C are zero. This symmetry also makes it possible to express its

C
angular momentum with respect to point Cc in terms of the body-fixed system of
the carrier b. (Regardless of the angle of body c with respect to body b, the
moments of inertia I~x and 'yy, expressed in terms of body b, remain invariant.)
The angular momentum vector, with respect to point Cc, appropriately reduced,
becomes according to equations B-1 and B-8:

Hc "ixxI% i + Iy /ayJ + zz (%/a + /b (B-)

The vector IC must be interpreted as a variable vector in the carrier-fixed
C

coordinate system. Its time derivative with respect to the inertial system is
therefore obtained by the following operations:

--- (Bd -C"

c/XoYoZ c c

14
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.4 When applied to equation B-10, the following is obtained:

"6,4

+ lW w i+ 41 ( W +
dx ~~cb/ax yy/aay a b/az d/b/x yb/a

+ I.

zz( b/w i + + x[1w iT w

(B- 12)

The above becomes the torque equation with respect to point Cc:

C C 'xx b/ax + zzwb/ay (w/ C + .b yywb/aywb/asz

+ y [Way + I xx Wb/ax Wb/az - zz W Iax (wb/a. + Wc/b)]i

+1 +

.442
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APPENDIX C *'

ABSOLUTE ACCELERATION OF GEOMETRIC CENTER C

OF THE S&A PLANE
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The relationship between the center of mass CPR of the projectile and the
center of 'the plane, where the S&A mechanism Is located, is shown in figure C-
1. Note that the origin of the projectile fixed X-Y-Z system lies on the geo-
metric axis of the projectile, This axis is assumed to be parallel to the spin
axis of the projectile. The center of mass of the projectile, about which all
rotation takes place, lies In the same plane as the origin 0pR of the body fixed

systemy The position vector of point .C with respect to the center of mass is:: llillgiven byt

R-,i + RJ + R k (c-1)

It is aasumed that the deceleration of the center of mass due to drag is only in
the Z-direction and that it is given by

A Z k(C-2)C /gr1,ound

The absolute acceleration 1 C/ground of point C, may then be obtained from:

A C/ground 'k AC/ground ÷ x (wmx .) . wx R (C-3)

. .-- -and -ware obtained from equations A-1 and A-5, respectively. (For clar-

ity they were designated as and i•a in appendix A.)

When the operations of equation C-3 are carried out and equation C-2 is
substituted, the following is obtained:

A i + GyJ + G k (C-4)C/ground x y z

where

- ('w0R + wR+ (R --Ry) (C-5)
y yy YE yE Z3

x z y (w Rx + wR.) w (w 2 + W 2 )R+ (RR- wxR) (C-6)

2 2
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APPENDIX D

DYNAMICS OF ROTOR-DRIVEN S&A MECHANISM WITH A TWO-PASS INVOLUTE GEAR TRAIN

AND A VERGE RUNAWAY ESCAPEMENT OPERATING IN AN AEROBALLISTIC ENVIRONMENT
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Geometry of imse Body Configurations

The two possible fuse body configurations of reference I are also accommo-
dat ed in the present simulation, Therefore, all work concerning fuse body angles
in this earlier report are also applicable here.

Dynamics of Pallet and Escape Wheel in Coupled Notion

Absoute Acceleration of Pallet Pivot 0

The position of the pallet pivot cj with respect to the geometric center
C of the mechanism plane is shown in figurl D-I. In addition, the relationship
of the projectile fixed x'-y'-s' system to the projectile fixed X-Y-Z system is
indicated.

The absolute acceleration of point 0p is given by:

/ground " Ap/C + AC/ground (l-i)

where, kC/ground is given by equation C-4 of appendix C and

tn the above, w and w are obtained from equations A-I and A-5, respectively, and

14 "64 4 (D-3)

where, in the primed coordinate system

n4 - coo , + sin y;J (D-4)

After transformation into the X-Y-Z system with the help of equations A-6 and A-7
and some trigonometric rearrangement, the following is obtained:

i1r..

11 4 in- COS(D- 5)4. ,o. (.• + 03)1 s in (-Y, + 03)1 0• ,
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YI Mechanism Plane

XCI

/'4 I C

f t y¢

X(T)

CPR- Projectile Center of Mass

C * Geometric Center of Mechanism Plane

Figure D-1. Relationship between mechanism plane-fixed x'-y'-z' and
X-Y-Z systems (the mechanism plane is part of projectile)
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Equation D-3 may now be written ass

C,• + m) " in (D-6)
A4 ' . y J4 II 3 4+

• II

With the above, equation D-2 is now evaluatedt

where

: i4y Ox Oy-'4x (Oy+ 2 + 
2 ) " e4y iz] (D-8)

Byl (W 2 + to 2) + (D-9)

,4. t. ! !4y xI.Z

U:::: [(a (6. + 64y 0y) w,3. + (64y Wi "L-1u)

The acceleration /ground is evaluated according to equation D-i with the help

pa
of equations C-4 and 1-7, i.e.,

Xn Op/ground " (GX + hx) + (Gy + 11y)3 + (G + Iiz)k (W-11)

ieor later computational conve~nience, the above expression is transformed into the
lx-y'-z' system:

A...K . + K 3 (D-12):"-"-, =,,'"" =,-A" /ground " x '+ '÷ ( - ) ,

.where

K=(G +=H:Cos 8 (G + ) sin 3  (D-13)
Cx ÷ x 3 y y 3

K - Iut) sin3- (0 y+ )cos a (D-14)
;y x y ,

Kz " z+az (+H)-

Acceleration of Pallet Center of I-lass Cp with Respect to the Pallet Pivot Op

When the relative acceleration of the pallet center of mass with respect
to the pallet pivot is formulated in terms of the pallet-fixed n- r p coor-
dinate system, the following is obtained (fig. D-2): p p p
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uC/p" pl x (•l/ C )÷•l r n (u-16)xxcp px pp
pie p 0V Pa /a cp P/ p r p;

where

Wp/a "r m~n&p + .,nl +wip n Cp

r 0 - C
cp p p

Appropriate substitution and evaluation of equation D-16 furnishes:

-r- p { a- - Cos cc1 +

+ [sin a- cos a' (w • -2 ) + ,,, y (cos2a' sin2o

+1- sin 4- (wx + 2w y + WyWz) + Cos a , (

1 - p ,- W ] (0}-17)

The above expres,3ion is now transformed into the x'-y'-z' system (again
tor later comaputational convenience) with the help of equations A-8, A-9, and A-
14:

I T I + T 3'+ T '(l-18a)C / x yz
p p

where

Tx r cp[-Wx2 sin 3 sin a' - y 2 Cos 83 a'

+ W3w sin (a + 83) (W + ,)2 cos 0 - + ,) sin 8] (D-18b)

.+53



T -r [-x 2 CosB sin a' + y2 sin 83 cos a'

+ W W cos oC,' + () - (w,,. + ,)2 sin B + ((ii + c) cos B] (1l8c)
X y 3)

T -r [- ' sin a- C + 2 w y + WyWZ)

+ coo a, (y -2 wx - w.)] (0-1d)
xii

"Absolute Acceleration of Pallet Center of bass p

The total acceleration of the pallet center of mass is given by:

A /ground A / + /ground (,D-19)

p/groun

Substitution of equations D-12 and D-18a into the above yields the following
expression:

A u c/ground

{rn [ sin COS BC cos a' + wxy sin (a' + 83)
cp I- x 3 sy

- (W3 + •)2 cos 8 - (~ + *) sin 8] + K}i'

+ rcp w2 co 83 sin a' + w sin 3 Cos -

-W + $)2 sin B + ( + + Cos cor + ] + it

+ jr [- (wX + w ) )sin a' + (wy- w X w cos a'

-2 i (wx cos a-' + y sin a' )] + Kzfk' (D-)

Signum Functions

before deriving the equations of motion of the pallet end thie escape
wheel, it is necessary to introduce two signm. functions which will be used to
determine the directions of the friction forces at the pallet-escape wheel inter-
face and at the pallet pivots, respectively (ref 1).

i ii 54
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A The relationship between the contact point S on the escape wheel and the
coincident point T on the pallet is shown in figure D-3a. The signum function 84
makes use of the relative velocity VSIT; i.e.

v S/T
84 - (-21)

The signum function 85, which is associated with pallet rotation, is
defined by:

95

-l ~Pallet and Escape Wheel in Entrance Coupled L.otion

A free body diagram of the pallet with the normal force Pn and the fric-
tion force uP acting on its entrance working surface is shown in figure IJ-3a.
The normal an& friction forces acting on the upper and lower pivots of the pallet
are shown in figure D-3b. For verge nomenclature see reference 1.

Force Equations for Pallet. The force equations for the pallet in
entrance coupled motion are obtained from Newton's law according to

E V A C(D-23)
p Cp /ground

where the acceleration AG /ground of the pallet center of mass is given by equa-

tion UJ-20. The sum of the forces is obtained with the help of the figures men-
tioned. (For escapement forces, see equation E-43 of reference 1.) Equation D-
23 becomes:

P nn n+ "lS 4 pn nt + ez' k' xuJ

-Fu ' j
'y u -" I5lSSx'u ]° + sSi'yiu •I

+ F x'L + VyL + "1 55 1'x, J - aIsS•YL Y

r 2 2
m rp sin B3 sin a' y 33 c c'

+WW y sin (a' +3) - (W + )2 cos z- (Wz +) sin 8] + Kx
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A

2 2

+ {rp[. w 2 co 3 03 sin ' + i2 Sin 03 CBs a' - cos (a*' + fa3 ) K

.( + s)2 sin• + + l) cos 0 + K}'

+ {r [- (W + W Wz) sin a' + ( - x #A) cos a'
cp x yz y z~

-2 (Wx cos a' + Wy sinW')] + K}' l0-24)

where

, xu and Fyou are the normal force components acting on the upper pivot

""x'L and Fy'L act on the lower pivot.'

Yz' represents a thrustforce exerted on the pivot shatt

'1Note that, as in reference 1, the force and moment equations of the pallet are
given in the x'-y'-z' system for computational convenience.

The unit vectors R and 7in are expressed according to equations B-5
and 8-6 of reference I in the prtImed system as follows,:

t- cos (, + a)i' + sin (0 + c)j' (D-25)

,n sin (4, + a)i' + coo (0, - n)j' (+i-2b)S •g n

The angle a is associated with the pallet and is different for entrance and exit
contact .

Substitution of equations D-25 and D-26 into equation D-24 fur-
nishes the following component expressions:

"-] coMonent of force equation

-1 n sin ~+ a) +~ si1 P ncoo (j+ a) - kx + 5' y i;',n 1S4 n " x'u 1l5 •y'u

+kLu IS5kL {r cp - 2 sin 83 sin a'

-. i cos o3 cos a' + w w sin (a' + 03) (W + )2 cos
"'' 3X y 3 y

- '~+ ,)sin 0]1+ K.1} W1-2
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gel

"Y co1lponent of force equion

"iiii i y
?n coo (* + ) + P4 a sin ) 2i + )o35xus

+(t +il a it W 2 sin al + W $i cooe

-mm co p l Pc 3 Y

2~ ~

J.!!!! ai-Wxwy Cos (a' + 03) -(Ws + *p)Z sin 0 + (IX +,)Cos OJ

, - component of force equation

a mp {rp[-, ([ x + Wy~W) sin a, + (WY - WW) coo Go

2 (%coo W' + w sin ,')] + K•} (D-29)

homen. Equation for the .Pallet. The moment equation for the pallet must
be written with respect to the accelerated ptvot point U Y:

SP p/ground x mprcp (cos Oi' + sin 01') + pX'yOZ' (D-3U)

where

N0  - sum of external moments about point Up. It is assumed
p that 01 lies in the plane of the center of mass of the

verge (normal to the verge pivot axis). It is also
assumed that the forces Lo and V s6 lie in this plane.n 1 l 4 -n

j0 /grAund" absolute acceleration of point op according to equation D-
p 12

- p7

--- iU x'yz - the rate of change of the angular momentum of the verge
O1, 'yzp with respect to point U.. This expression is obtained by

adapting equation B-4 to the parameters of the pallet and
-. transforming the result into the x'y'z' system.

Determination of _i

The moments due to the verge contact force Pn and the associated fric-
tion force n are taken from equations E-48 of reference 1. The moments due
to the pivot forces, both normal and frictional, are obtained with the help of

": :59
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the figure D-3b. The symbols p and p stand for the pallet pivot radius and the K
pallet thrust friction radius, Aaepectively.w Therefore,

Di 11 k~ '~ - 14 lYn& - oL~S5of Vs. k
p (p D n•'""4,L x r.• w~ Ff, L.i.v,

+ (Lu +' + p j" (. C" ,, + u 116 yj,'u '')

+ r-L - p~ x (F, y'L lIe a , 5
+ LL + p

p y N L 10 yIL+ C"LL •' " p o, ')x(C•',.., "{ + wj.,. •"x'L 3' (i,,-31)

The above becomes:

i0  "[L FYI +L FU O''u + L Fy'. + L, l'jU 5 kx.,.'

S+ 
[L~ ht 5  L F + LL ls 5 kyIL - LL FxL'
[L u U 5 Fy'I u x' u. L P0 y'L L

+[n 01'"4'.,,.1) - 'I P:f'5'",' "P 1pS 5 Y'+( ( sC) u fk - p' sy'u •[

"- 1pU15 •x'u " 0 ple 5 a y'i " %u1u5 F xgLFk' (D-32)

Determination of - A /ground x m r (cos 0 i' + sin 0 I),0 gon p CP ,
p

With the help of equation D-12, for the above cross-product the following is
obtained:

- (Kx i' + K ' + Kk') x mr (coso i' + sin )-

m r K sin B V - m r K cos 0 j' - m r (K sin 0 - K cos O)W'p cp z p cp z p cp x y (-3(D-33)

" Reference 8 for determination of thrust friction radius, p 268.
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Determination of

As stated earlier, equation B.-4 muut first be adapted to the pallet fixed
coordinate system with pallet related nomenclature. This leads to:

* , -+ + I c -
p -

+ 2,* 2~ w)
+ +,

St 6

- ( Sw 2- (A 2 -

* tey Sbeqety h nt etr * , n •aesbtiue codn ~, .,.

+ [r ()+ WCE% (i )i~ + I,(WO) W )

~1v + W W) T (w 2  w- (D-34) f

The angular velocities and accelerations of the pallet are now
expressed according to equations A-21 to A-23 and equations A-25 to A-27, respec-
tively. Subsequently, the unit vectors n, n and n Care substituted according
to equations A-8, A-9, and A-14. 4

* ' - These operations result in the following component expressions for

t2
O - A1 + A6 *+ A7 + A8 i (D-35)

p

R Y A 5 +A 6 i+ A 7  +A 8  (-6

SA+ Ai (D-37)

where

A1 -Cos 0 1- Cos a+ siy a

+(i -"w -(w sin as' )

p 'p

[w (a cos cx' + to sin a!)i + sin ce - coo a!)
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- • •I •? -- -o0o , .. .. .. _-

+.,. z [( , ,, -,. n -,a' sin a " 0 o ' )' -oo

s -in" sin a, -" coo a!' - w - o+

-I C )Cp (W,,coosa! + wsin cO'

-w ICosn a + w sin da' t sin c' - y corn a! + 3

r, r,,v' x Y

+ i -Cz%[-4,~ z C o,+ 'coon a' + sin a'' c

-[ 2 [C cos a' + w sin a' , (0-38)

- -sin e w co + I - I )cos + 2 I sin B]
2 C ,x y Co C , Cn

- (C aoo, a' + w 'sin a!) [2 IcoB B+ Cc 0- + I) sin 0]

4' nnp

' i+ 2 (I coo 0+ 1 sin B (D-39)

p

! IN
A -I cooi B I ,• Csi n (D-40)

A4 I-Tl"• sin 8- ,•p cos 0 (D)-4 I
- ... ' 4 " T1%

•0• ~~ Asi --' 0 -• C os •,e + sin, ,'

p p

i- . ( ( cos c? + w sin ' ) co c
iiyi

• 2+. -. . . , Cos' --e, +B ,' Ji (JI,.
-~ cor x'+ sna sin wy corn a')+c ]z
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2p
-1 (. o " o.sift () -Co ]!

+ Cos i , (• sin ,'. - coo C')e

- (is[,•- C•~ . (ow C ' + c+ .]in!a')

+ I ,o cor c+ + a.sin a'[)(w since' - w coo a'

-I ~coo a'+ý a incea' w3(~ sin a' w~ coo a

2 cin ' (D-42)

A% (w~ sin a' to) coo a' )[(I~ + I sin B-2 1~ Cos B

+(to Coo c' w sin a, )[(I-i T 1 coo B - 21 sin B]

x ll
A7-1,sin B - I coo B (D-44)

AS-- (I sin 0+1 Coos ) (D-45)

(w cos + w sin a' (wsna ocsa
tp y &p 'I y x

+ ' [w (( 'si sin a'! + cos ' + sin a'!)]

sin a' - coo a' )w ( cos a!+w sin a'
n~ y z x y

S- [ [(%Cw coo ce' w ) sin a' - ( sin a' -si co a' w2] (D-46)
cr1,,/ y

A -I (D-47)
10 CC
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tSimplifIcation of Force and Moment Equations. In order to be able to

solve foirthe upper and woaer pivot forces, both the force and moment component

equations are now rewritten in an appropriate simplified forms

xi-.Component _of the Force Aquation

Equation D-27 becomes:

"-x'u + All Vy'u + Fx-L - All Vy't,

92
A A12 + A13 *,+ A14 * + A15  1+ Pn A16 (D-48)

where

A11 u t1, s5 (D-49)

[22A12 om pr~ CP[ W sin 03 sin c?- COB 2 ooNcoo a!'

+ sin (Oe + -z 2 coo 0 - wsin 0] + m Kx (D050)

A 2 r cos 0 (0-51)
p cp

A14 -- m r cp cos 8 (D-52)

A15 - 1D r rCP sin 0 (D-53)

A16  - [PI. 4 cos (i,+ ) -sin (,+ a)] (D-54)

y'-Component of the Force Equation

Equation ný-28 becomes:

"-All Fxu - Fy~u + All ?x'L + FyIL

A17 + A A19 1, 2 + A20 A 21 9 0 (D-55)

where

A17 .mprcp (- r W 2 cos 03 s in e + / 2 sin 03 cos a'

.4 
- 9-

- Le' coo (C + .)- sin 8+ * cos 0] +m. Ky (0-56)

AI-R 2 mp rcP w sinO (D-57)
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A1 9 -- r sin 6 (D-58)
p cp

A2 Mp rep cons (D-59) I,

A21 "" [co, (+ 9)+ s14 ,in (+÷ a)] (D-60)

_s'-Component of the Force Equation

Equation D-29 is rewritten to read:

IF A22 + A23  (D-61)

The tilde is now used to indicate the conservative nature of this force, when the
terms A22 and A23 are made absolute.

A

Thus

A22r W+ r [- (! W+ W W coo -] + m K (D-62)

and

A2 3  -2 m p rp C(u cos c + esin a,) (D-63)

4. The absolute values in the above expressions will be useful later (eq 0-123).

XI - Component of Momert Equation

The x'-component of equation D-30 is obtained with the help of the x'-
components of equations D-32 and D-33, as well as equation D-35. Therefore,

Ylu AIt Fx'u + Lu ?ylu + LL All Fx' + LT4 FY9

sin 8+ A1 + 2A A3 + 4A (D-64)

" '-Component of the Moment Equation

The yl-camponent of equation D-30 is obtained with the help of the y'-
comronents of equations D-32 and D-33, as well as equation D-36:

P: I + L] A'• F u ."

] -L x' u+LuA ' 1- x'L + LL All F

- r K cos + A5 +A 6 + + A7  2 + A8 4 (D-65)

65
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a-Components of the Moment Equation

The V-component of equation D-30 is composed of the zl-components of equa-tions D-32 and D-33, as well as equation D-37:

"A - - Y - 0pA1 e I

S-(ui 

'J1 ,4 C ) Of A11  ' p A11  -y'u p u

pA F A
"p 11 y'L 0 p 11 x'L

CKPx 4 y f0-l
tU Pr 0p sn ' - cos P) +%•+ A1  * D-b

.1.

Solution for Pallet Pivot eorces. The force Fx~u, Fy'u, VxL, and kyvL
are obtai.ned from the simultaneous solutin of equations D-4b, D)-55, D-64 an Ii
65. The force 1?,, t given by equation 0-61. These five forces are eventually
substituted into equation D-66, and the resulting expression is solved for the
contact force P.,

The simultaneous set of equations becomes

-lAll I-All Fx'u P
-AI1  -1 All I •y'u

LuAIl Lu LLAII LL Fx'L Bip3

- LuA l -LL LLA11 Yj4 yp.,

where

A A + "A ++ A 2 A +P A (D-bd)

8 p2 A A17 + A 18 + A 19 + A 2U + P n A21 (-9

8p" m r K sin 8 + A.
1 

+ A 2  + A 2 + A4  (D-70)p3: p cp z

1,p4 -- i r K cos 0 + A +A A +2 (D-71)
p cp 5 6 7

Cramer's rule will now be used to determine the four pivot forces
Fx'u, FV'us Fx'L, and Fy'L. To this end, the coefficient determinant D must beS~found first.
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Evaluation of the Coefficient Determinant D

The coefficient determinant of equation 1)-67 is given by%

-Al 1 -A" I

-A1 I -I Al1  I
D- (D-72)LuAul L, LLA1I LL

"_Lu LuAI I "LL LLAI I

Evaluation of the above furnishes:

D [(La + LL) (1 + All 2 )] 2  (D-73)

Since, according to equation D-49

A11 - a1 S5 (D-74)

and s2 is always equal to unity (eq D-22), the coefficient determinant becomes

D- [(L + LL) (1+ .•)12 (D-25)

Evaluation of Pivot Force YxIu

The pivot force u is obtained froma

Dk

xu- "- ('(-76)

where

A 1  I -All

8p2 -I A1 1  I
D (0-77)

u Bp3 Lu LLA1I LL

Bp4 LuAll -LL LLAI

67
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Evaluation of Dx furnishes:

D - (L I LL) (I + All') [-L s - A" b1 ,p + A1  B (D-78)

After substitution of

A 2  u (D-79)

the following is obtained

1)';| (Lik. u +L) +u)-LLBp1 Al IIL p2 +Al 118p3 Hp4 (-U
X'u5

Subsequently, equations D-49 and D-68 to D-71 are substituted into the above and
the coefficients of similar terms are collected and made absolute. The latter is
done to get conservative pivot and friction forces. This leads to:

D-(L"u + L)(I + [I + C2 I+ C 2 + (""-81)

xul. e,.,':.. 3 1= +,.4 ++°o 5,iiwhere

C1 - -LL A12 + "185 (A, - LL A17 ) A5

+ m r K (p s sin 8 + cos $)I D-zp cp z 15(-2)

C2  " LL A1 3 + llS 5 (A2 - LL A1 2 ).- A61 (1"83)

"C3 - " LL A14 + U1i55 (A3  LL A1) - A7 1 (0-84)

-. C4 , LL A15  (A4 s LL A20)I (D-85)

* 5 - L A16 - I1.5 LL 211 (D-86)

Fiinally, substitution of equations D-75 and D-31 into equation D-76 gives the now
tilded pivot force

t 1 2 [c + C + C3 ;2 + 4 + (D-81)
u () 1 2 + C5 Pn
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Evaluation of Pivot force y.u

The pivot force Yyou is again obtained with Cramer's rule, i.e.,

yu u (W-88a)

i •!•- I 8p1 1 -Ajj

V "A1 I • 8p2 A-1  I

D AlH- l (D-8db)
LuAI Bp3 LLAII LL

-Lu p4 -1 L LLA1 I

Evaluation of D furnishes:
y u

2

D (Lu + LL)(I + AI',) (A11 LL Bp1 - LL 8p2 + 6p3 + A11 bi)
Dy4 u

(D-89)

and again, with Al S5ul

u + Lu÷ .)( + l LL 5 LpL - LL 8p2 + Op3 + 01 S5 5ip4)

(D-9u)
9'

*1 Appropriate substitution into equation D-88a and proceeding in a manner parallel
to that followed in the determination of , ,t the following is obtained for ~

. + 2 + + ' +C8 +-91)
,2' 1) (C 7L( + C11'J +• Cl. Fn3 (I)

where

C6 - IA, - LL A17 + U1 s 5 (LL A1 2 + A5 ) + mp rcp KZ (sin 0 - P1s5 cos

(V-9'2)

C7 - IA2 - LL Alt, + NiS 5 (A6 + "L A1 3 )1 (L)-93)

CS IA3 - LL A19 ÷ u 1s 5 (A7 + LL A14 )1 (U-9s4)
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C9 , fA4 . LL A20 + Uj1 5 (LL A15 - A8 )I (D-95)

CiO "ple5 LL A16 - LL A2 1 1 (D-96)

Evaluation of Pivot Force Vx'L

The pivot force FxIL is obtained from

"F", D (D-97)

FxIL " D .'i

where

-1 Al lpl -Ali

"Al .-- Bp2 I.]"

D-xL (D-98)
LuAI Lu Bp3 LL

"-L Bp LLAII

Evaluation of D furnishes:

2
D (LL + 1t)(i + All ) (L Bp1 + Lu A1l 8p + A1 Bp3 - TI

._IL (D-99) :"'

and again, w.th All =D5-I9

D. (L + 1,)(i + i) (L B•p + P B L 2 + Its• Bp3
|-,x'L '(0-100)7

Proceeding as before to obtain Fx L' the following is found:

,,':, ~1 $ 2""'.-

F 2 [C +C '+ C + £,+ p ] (D-101)
(L+ 2)( + ) C13  C14  + C15 V

Where

C 1  Iu j 12 - A5 + V1 85 (Lu, A17 + A1 ) + mn p rp KZ(PIs5 sin t - CO-
"(D-102)

C12  IL u A13 - A6 + 11S5 (Lu A18 + A2 )I (D-103)
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C.3  ILu A14  A7 + 1A9  3D1

(D-105)
C14 w- A1 - A7 + U185 (Lu A20 + 44 )1"-* " I -.

,+C.

-'LA + s L A2 (D-106) "

Evaluation of Pivot Force y 'L

The pivot force FYfL is obtained from:

I L (D-107)

where

-1 Al Bp
11 p1

-All -1 All Bp2  (D-108)

Dy'L LuAul Lu LLAI1 Bp3

S"Lu LuAl I -LL Bp4

Evaluation of DFy'L furnishes:

.- (Lu + LL)(I + A1l )[ Lu All B p + Lu Bp2 +Bp3 + A11 Bp4]

"y'L (D-109)

and again, with All 9 5sl

D (L" + LL)(1 + Vi•) [- u~S5 Lu Bp + L B + Bp3 + B-- F U 1) 1Lup u p2 p3 1s5 l

"y'L (D-110)

', is found from equation D-107 in a manner shown earlier:

F+ + + C + C P

L (Lu+ LL)(1 + +) 17 8 19 20 (D-111)

where

C16 " ILu A17 + A1 + iJls 5 (A5 - L, A12 ) + mp rcp Kz(sin 1 - Vis 5 cos .)1

(D- 112)
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p C17  tLu AIR +4 2 + tJ105 (A-LA1 ) (D-113)

IL A + A.3 + pos5 (A7 - L A (D-114)

= =4

I IC1 7 tL 2 A 40 + A2 + 01I5 (A8 - Lu A15 )I (D-115)

C20 - IL u A2 1 - U185 Lu A161 (D-116)

Substitution of Conservative (Tilded) Pivot Forces Into the z'-Horaent
Equation. Rather than substitute the forces 'Ye. FytI. Fx'L' F 1 I and FzIL
into the zt-moment equation D-66, the associated tilded, conservative expres-
sions, as given by equations D-61, D-87, D-91, D-1 0 1 , and D-ill are used. To
simplify matters, let the sum of F F F and F be first determined:

:- , +y,. + ,F ++ F
x u Yu xL YL

;A2 2 + ,2 + (0)-117)
25 +- A'i• + A2 +2 A28 Pn

24 2 26 i'+ 2 7 iA 8

where
"C_ + C6 1 + C + 16

A2 4 " L A(+ (D-118)

C + C + C + C
A25 I (D-119)

"LT"(1 +

C 4  + C 0  + C i 3 + C 1 8

A2 6 2 (D-120)

L+~itC4 + C9 + C4 + C9

A27 -- T (I + (D-+21)
C•! •!+z C + C + '

'A2 C5 +C 10 +C 15 + 20  (D-122a)

28 - LT (I + PI)

and PK

LT Lu + LL (0-122b)

Substitution of the above, as well as equation D-61 into equation D-66, and let-
ting All , , s according to equation D-49 leads to the following provisional z'-
moment express.on:
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To make sure that all friction moments act in a direction opposite to the instan-
taneous rgltation of the pallets the signs of those friction terms which depend on

or * have been left undecided for the moment. They will be resolved below.

Before these decisions are made, let equation D-123 be rewritten as
follows;

P• Pn [ C! V184 - Pp Pa5 A 2 8 1 - P1'5 [of A2 2  + op A241

4 C1"5 [f A23 . Pp A25 1 * Pp 'i05 A26  "1' 5P 'ie A2 7 4

-A10  + A9 - m p r C ('se sin 0-KY cos (D-124)

With s5 positive for positive rotation of the verge and vice versa
and with all other parameters positive at all times, the following moment compo-
nents of equation D-124 must have negative signs during positive rotation:

p p U1P 5 A28  (D-125)

Sal5 [Pf A2 2 + p (D-126)

- p i105 A26 . D17

The sign of the term containing • must be negative for a positive a and viceversa. Therefore, the sign of i can be used to control the sign of this term,

and the signum op t-ator s 5 may be omitted. This term becomes:

" ll [pf A2 3 + p A25 ] 4 (D-128)

The choice of sign for the term containing the pallet angular acceleration is
discussed in detail in appendix F of reference 2. This work leads to the compu-
tational rules of equations D-134 and D-135 below. These rules deal with the
sign in the effective moment of inertia IpR. (Note that the signum function
85 has been omitted in these expressions.)

Ih
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With the above considerations., equation D-124 becomes:

PA A A. A ;2

IP + A - imp rOp (Y uin - K cos 6) (D-129)

where

AA29 - D- C! P14 - Pp 15 A2 8  (D-130)

"A3 0  1'95 (Pf A22 + O A 4) (D-131))

A3 " 1m 1 (Pf A' + P 5 ) (D-132)

-A 15 2  (D-133)
A32 "08PpA2

IPR a I + A333* when and i have identical signs (D-134)

1pR" Ip 3 when • and * have opposite signs* (D-135)

A3 3 3 - P 0 p A2 7  (D136)

Equation D-129 is now rewritten to find an expression for the contact force P.

I- + g+A 2- K i Kco0
•' n A2.

,• A29n A29  (D-137)

The above expression is now changed to reflect the escape wheel angular velocity
and angular acceleration ; and *, respectively, so that it may later be equated

Sto an expression for the escape wheel. Equations B-19 and B-26 of appendix B of
reference I show the following relationships:

U (D-138)

A3 3 3 must not become negative. If this occurs IPR must be set equal to
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and.
U +÷ V 42 (D-139)

U and V may be obtained from reference 1. This leads tot-

Pn T___ PR*+ (A3 2 U PR~v
4 29

A3+ 1U + Aq + A30 - mp rp (Kx *in B - Ky cos 0)] (D-140)

Force Equations for Escape Wheel and Pinion No. 3. How the contact
forces Pn and V , together with their associated friction forces, act on the
escape wJeel an W3pinion no. 3 combination is shown In figure D-4a. A separate
free body diagram of the pivot shaf of the escape wheel is shown in figure D-
4b. All these forces are now defined in the projectile (fuze) fixed X-Y-Z sys-
ten. This makes it necessary to transform the unit vectors Et and Rn from the
x'-y' to the X-Y system (eqs D-25 and D-26 as well as eqs B-79 to B-82 of refer-
once 1).

Since

ie- - cos 83 -sin 1333 (D-141)

and

J'sin 03 1- Cos 033 (D-142)

"the previous unit vectors become:

1t Cos ( + 0 + 3 ) -Sin (+ + 03) (D-143)

n -sin (, + a + 03 1 - cos (, + c + 83) 3 (D-144)

The force equations for the escape wheel in coupled motion are
generally obtained from Newton's law:

'4l I.

.4

3 0O /ground

where

.E "• p - sum of pivot forces as well as contact forces Pn and F2 3
"and their associated friction forces

im3  = mass of escape wheel and pinion no. 3
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T 0 =P r 3 FZ (Thrust friction

3.oP ~ rtatr.3 t 3 torque)

3 y3PIF y u

LU
z 00)

mm l m m

o- N- x= -

(L and L represent one-
half the kistance between

the pivot bearings in upper

and lower plates.)

LL

I 
L

3 +
! mum , , ..

jY 
L

FF

F7 3L

Figure D-4b. Escape wheel and pinion no. 3 in entrance coupled motion. 
Normal

forces, friction forces, and thrust friction torque acting 
on escape

wheel pivots.
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i /ground - acceleration of escape wheel center of mass, which lies on
a axis of rotation, with respect to ground. Therefore

05/ground -1*/C + XC/ground (D-146)

In the above, XC/groundo the acceleration of the fuze geometric

center C with respect to the ground is given in terms of the X-Y-Z system by
equation C-4 of appendix C. The acceleration of the escape wheel center of mass
with respect to the above point C, i.e., Ao0 /C becomes:

s

A / ;Xx X(; x 41 3 3 )+ x 613 ;3  (D-147)

where

n 3 a cos Y3 i + sin Y3 J (D-148)

Substitution of

WmW k ' (D-149)

according to equation A-1 and

- + ~L3+ (D-150)

according to equation A-5, with
S= 613

3x'd o (D-151)

and

3y " 6?3 sin y3 (D-152)

"results in:

AO /C Jxj + (D-153)

where

J W y - Ly + 2 - w 6? (D-154)
x x y3y y z 3x z 3y

y -W, x " W -3 (W X + W z 2) 3 y + Wz Q3x (D-155)

Jz (WX6?3x + wy413y) t(z + !'X 6 3y - Wy 6 3x (D-156)
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Equation D-153 is now substituted together with equation C-3 into equation D-146:

0 /ground N x + N y + N (D.157)
where

NX - GX + Jx (D-158)

N - G + y (D-159)

j• N -Gz + Ja (D-160)

The vectorial force equation is now obtained with the help of f~g-
urea D-4a and D-5b, and equation D-145:

* I

"nnn - ls 4 Pn t +F 3 n2 3 + s 2  23 nN2 3

! !+ F z3 k- F x3u •" Fy,4u J - iiFx3u j + tF y3u i

+ Fx3 Fy3L J + Fx3L J Fy3L i

" (N + Ny z+ •z D3 (D-161)

-t and -_ are now substituted according to equations D-143 and D-144. The unit
vectors R23 and RN23 are taken from reference 1, i.e.,

n23 sin (82 + 02) . - cos (82 + 02) j (D-162)

nN2 3 " cos (82 + 02) • + sin (82 + 02) ( CD-163)

This leads to the following force component equations:

-P sin (* + a-+83) + us 4 P cos ( + a+ 83)

+ F2 3 sin (82 + a + 82 F23 cos (82+ 02) Fx3u

+ F y3u + Fx3L- Fy3L Nx 3 (D-164)
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Pn co, + a + 0 3) + 41*4 P sn (*i * a + B3)

.- 23 coo (82 + 02) ). + 2 o 23 at.i (02 + 82) "Fy3u

F x3u + Fy3L + 1' ix3L N y. m3 (D-165)

F3 =No m3  
(D-166)

Moment Equations for the Escape Wheel and Pinion No. 3. Since the
escape wheel and pinion no. 3 represents a symmetrical body, ita moment equation
may be expressed in termp of the projectile-fixed X-Y-Z systerm according to equa-
tion B-13 of appendix B.' Adaptation of this expression to the escape wheel eye-

tem furnishes:
"Ao " [x, !X + •., W (== + ) •y, Wy = ]•

- [I. a , ="•,= t )

+[ eý +4 I x WX Osz ls W. (W4.)I+

+ s I Iz + '(D-167)

The moment sum about point o. is now found with the help of the

free body diagrams of figures D-4a and D-4b. Reference I is also useful.

K0  = -PL(Al - BI k s4 "+ rb 3 F23  U - US2 (d2 a2( F2 3 k - U Pf3 Fz 3

+ (Lu + 3) x (-Fy3u J t Fy3u

+ (Lt +.Lk P3  Jx F x3 u i U Fx3 u j

+ (-LL k - P3 3) x (Fy3L U - t Fy3L ,)

+ -L 0 ) Fx3 + pl F3L ) (D-168)

The term -u Pf3 F represents the thrust friction moment due to force Fz 3 (eq D-

166). The term Pf3 stands for the thrust friction radius of the escape wheel

pivot. Equation D-168 becomes:
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[L Fy~ + L jF + L F + L F 3L
uyu u x3u L y3L L -3

+ [Lu Fy3u + Lu Fx3u + LLUFy3 L pLL Fx 3L]i

n+ [- 0 (A4- I; u, 4 + rb 3 F23 - ,s2 (d, - a2) F23

'n- P Pf3 F0 - P)3 V Fy3u - )3 i Fx3u

- P3pFy3L - P3 1' F 3LI r (D- 169)

Substitution of equation D-169 into equation D-167 leads to the
following moment component expressions:

L p F + L Fy + LL Fx3 + LL FL•,i u P x3u + u y3u L Fx3L • y3L

Sxs x s y ys )y z (D-170)

-L Fx~ +L UF 3  LL F + LL FL

iii -u Fx3u + u P y3u - L FxL + L •y3L

+ WA W1 WA (*) + '

ys 1y xs x 28 -X (e * z (D-171)

-p(Al - j 4 + F2  [rb - J 2 (d 2  a 2)]

- U PO3 Fz 3 - U P3 [F x3u + Fy3u + Fx 3 L + Fy 3 L]

Simplification of Force and Moment Equations. To solve for the pivot
forces Fx3u, Fyv3u, Fx3L, and Fy3L, the X and Y components of the force and moment

*,) equations mu~t be rewritten in an appropriate form.

X-Component of Force Equation

Equation D-164 becomes
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Fx3o - y3u Fx3L + y3L

P A + F+
nA 3 3  F23 A34 +A 3 5  (D-1.73)

where

A33 - uls 4 cos (4 + a + 83) - sin (0 + a + B3 ) (D-174)

A34 sin (82 + 02) + U 2 Cos (82 + e2) (D-075)

A3 5 - - Nx m3  (D-176)

Y-Component of Force Equation

Equation D-165 becomes:

F x3u + Fy3u - F x3L F y3L P n A36 + F23 A37 + A38 (D-177)

where

A36 = COS (4 + a + 83) + U1 94  + a' + 03) (D-178)

A3 7  P s2 sin (8 2 + 02) - cos (82 + 02) (D-179)

A3 8 - - NY m3  (D-180)

Z-Component of Force Equation

Equation D-166 cannot be further simplified.

. ... X-Component of Moment Equation

Equation D-170 becomes

Iu L F +3u + LL F+LL

" A3 9 + A4 0 $ (D-181)

where

A39 -Ilys) (D-182)
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AA (D- 183)

Y-Component of Moment Equation

Equation D-171 becomes:

L Px3u +L y3  L - k xF3 L +L F 3 L

A A4 1 + A 4 2  ~(D- 184)

where

A4 1 -Iys Wy + WX , z (I - Izs) (D-185)

A (D-186)

Z-Component of Moment Equation

For present purposes equation D-172 remains as it is.

Solution of Escape Wheel Pivot Forces. To derive expressions for the
escape wheel pivot forces, equations D-173, D-177, D-181, and D-184 must be
solved simultaneously. To obtain the same general form as in equation D-67,
equations D-173 and D-177 are multiplied by (-1). The resulting form may then
use the solution to equation D-67. Note that All in equation D-b7 is now
replaced by v. Then,

- I I l•Fx3u Bs I

-1 UI 1 F~3 B5
-ii1 U1 y3u Bs2

(D-187)
SLu Lu ILL LL Fx3L Bs3

-Lu p Lu -LL t, LL Fy3Li. Bs4

"" where now:

Bs " [Pn A3 3 + F2 3 A3 4 + A3 5 1 (D-188)

Bs2 - - (Pn A36 + F2 3 A3 7 + A3 8 1 (D-189)

Bs 3 - A3 9 + A4 0 • (D-190)

"Bs 4 - A4 1 + A4 2 $ (D-191)

83



*, Evaluation of the Coefficient Determinant D

The solution for the c-cfficient determinant D of equation 0-187 is
identical to equation D-72. With All now being equal to u, the Litlowing
parallel to equation D-75 is ,•btained:

.- [(Lu + LL)(1 + U2)]2 (+-192)

Evaluation of Pivot Force u
Fx3u

The pivot force Fx3u is obtained from:
D F

Fx x3u m DD-193) , ,"' ~~3U D •':

*' where

W ~ ~BsI I-
: B e2  -1 , 1 .'.- ,I

SD x u (D-194), ..
x3u B83  Lu iI LL LL (D-194

B|4  Lu -L1  LL

If p is substituted for A in equation D-77, the identical form as above is
obtained and the solution -ilequation D-80 can be adapted,

D Du (I + U)L u + LL["LL BsI - ji LL Bs 2 + "s B 3 - Bs 4 ] (D-195)

Now equations D-188 to D-191 are substituted into the above expression and the
coefficients of similar terms are collected. In order to get consetvative pivot

Sand pivot friction forces, the latter terms are made absolute. FinalLy, the
tilded force i is obtained from the appropriate change of equation D-193: -

x3u

3 [C - C [c+ 2  P+C F + C

x3u L)( ) 21 2 n 23 23 24 II
(L u + L L)1+ 11(D-196)

where

C21 ILL A35 - A4 1 + u (L1 A3 8 + A39 )1 (D-197)

84 .-'I-

~ ±~t~y.r ~ -'-- ~ ~ ~ . - - - - - -- - -~,-i



7 -~urr1 --. 7:70" 7- . 7I. 74-~ .-. r7 777YVT 'rrrr"rr,-r-rr-
-- -7 -- - ' 7

•C 2  " ILL, (A,• + "z A36 )1 (D-198) :'

A... ,I

IN22 IL 3 3)

c - I A40 " A4 2 1 (D-200)

Evaluation of Pivot Force Fy3u

" The pivot force Fy3u is obtained from:

DF

F F u(D-201)y3u 0)

w*here

-1 B-

B92  L
D 3 L (D202)DFy3u 1, L Bs3P LL

B -LL•, LL

-1s4 LL

*Since the form of the above i:, th-? qame as that of the determinant of equation D-
89, equation D-90, which represenats the solution of the latter, may be adapted as
follows:

(Lu + L)(i + LL - L Bs2 + B93 + • Ba41 (D-202a)
y3u

Again, substitute the Bsi terms of equations D-188 to D-191, collect the coeffi-
" " cients of similar terms, and make the result absolute. The tilded pivot force

F then becomes parallel to equation D-201:
y3u

DF
"3u2 [C + C P + C F + C28$

y3u I (Lu + LT)(1 4, 2) 25 26 n 27 23 (D-203)

where

""2 5 " IL A38 + A3 9 + (A41 " LL A35 )1 (D-204)

C I2 1 (A1 6 - u A3 3 )1 (D-205)

85

-------------------------------------------



C27 -ILL (A37 A34 )I (D-206)

• '1'ii-4..

C28 M IA 40 + j A421 (D-207)

Evaluation of Pivot Force Fx3L

"-- * :i The pivot force Fx3L is obtained from:
DF•~~~~~ i Z"Dx3L 

"-

Fx3L x3 (D-208)Ii!, HD

where

-1 Bs12--_ -ii -1 Bs2  1

"-DF3 (D-209)
x3L u Lu L B53  LL

ui Lu Bs4  U LI

Since the form of the above is the same as that of equation D-98, equation D-100
"may be adapted, i.e.,

D F3 (L)u + LL)( + )[L. B81 + Lu BS2 + B s3 - BS4] (D-210)

* . x3L

Again, the Bsi terms are substituted according to equations D-188 to D-191 and
*III. the requisite work obtains the tilded determinant DF3L Then,

x3L

I I "-, x3L 1iiiL- ... .!2 + C30 I + C3 1 F2 3 *l C32 1
O xL D i2) 29 3 , 31.. 3

02(Lu + LL (L11) "

*II "where

C2 9  I lu (A3 9 - Lu A3 8 ) - Lu A3 5  A ,411 (D-212)

C30  " ILu (A3 3 + U A3 6 )1 (D-213)
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'I C31  IL, (A34 + A37)1 (D-214)

C02 " I , - A421 (D-215)
V 32 1t4A002

Evaluation of Pivot Force Fy3L

The pivot force Fy3L is obtained from

F y (D-216)
y3f. D

where

-11 B81

y3 D 9  (D-217)

"-L Lu Lu P LL Bs3

S-Lu uL -LL Bs4

* Since the form of the above is the same as that of equation D-108, equation D-110
may be adapted to the present situation, therefore,

DF L + +)(l + Lu Bs1 + Lu B82 + B 3 + B 4 } (D-218)
F'i iiiaius2 s3sy3L.

The Bs5  terms are now substituted according to equations D-188 to D-191, terms
are collected and the tilded pivot force is defined:

DF
F .3 2 [C + C + C+

y3L "(L + LL)2l + ) 33 34 n 35 23 C36 (]
u L)l +(D-2 19)

i i _where
C3 3  + - Lu (D-220)

I'(41  Lu A35) +A 39  LuA 381

C34 - ILu (u A33 - A36)1 (0-221)

ii l, 3SA3 -222

C35 - ILu (1A -A 37 )1 (D-222)

C3 6 - IA4 0 + Aj A4 2 1 (D-223)
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Substitution of Conservative (Tilded) Pivot Forces into the :-Component !7

of the Moment Equation. Again, let the sum of the tilded pivot forces be first
determined. Subsequently, this expression is substituted into the moment equa-
tion D-172. Then,

F~3  + 7 +7 +73u y3u x3L y3L

UA 4 3 ÷ 4 4 Pn +A 4 5 F2 3 + A4 6 ' (D-224)

where

LT T-u + LL (D-225)

C2 1 + C25 + C29  33
A43  2 (D-226)LT (I + U )

A4 I C22 + C26 + C30 2 + C34

A4 4 "(i + (D-227)

C2 3 + C2 7 + C3j + C3 5
A45  - -+ .- (D-228)

C + C +

C2 4 + C2 8 + C3 2 +C 3 6"46 LT ((D-229)
T CI + ti)

Equation D-224 is now substituted into equation D-172. Further, VFz3 of equation
D-166 is made conservative, i.e.,

Fz3 A47 IHz m3l (D-230)

"Equation D-172 then becomes: L
.: - ~P (A,'- B1 Ij + F 2 -aJ

ni- -B 1  1 4 [rb3 -1s 2 (d2 sa2 ,

i- Pf3 A4 7 - 03 [A43 + A44 Pn + A45 F23 + A4 6 .]L

-- 1 + 11 (-231)
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* The above expression must nov be solved for P.,. Before this is possible,
consider the sign of the friction moment components

-P 03 A 4 6  (D-232)

m •Since a reversal of gear train motion after impact will again be expressed by
letting p become negative, as described originally in appendix E of reference 4,
equation 0-232 is modified to read:

- 03 A .6  (D-233)

In this way, the sign of p alone decides the direction of this friction torque
component. Pn is then obtained from equation D-172:

P -A'l + BI P15 -Pp A]
n 1 1 4 3 441

""i""•I + 23 [rb3  82 (d 2 - '2) - P p3 A4 51
'2

-pp A46  0 -i-- A47 + 3 A]

I + I (D-234)

Then
Is +A 4 8 2 + F2 3 A49 + A50

Phn = -- T51 (D-235)
.51

Smm m •.,where

i iP3 A4 6
A415 (D-236)

A4 9  1 0 [s2 (d 2 - 82) + p3 A4 5 ] - rb3 (D-237)

A50 -Z Izs(g + U IIPf 3 A47 +-p 3 A43] (D-238)

A 51  B! 1 84 Al V Pp3 A44  (D-239)

"Combined Entrance Coupled Motion Differential Equation. Equations D-140
and D-235 are now set equal to each other. This furnishes the following combined
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coupled motion differential equation for the escapement under entrance condi-
tions:

[A I U - A2  itsI + [A51 (A32 u + I~ V) - A2 A4 ]2

+ A1 A A ft5 0 -A +A
31 U F1 3-- A4 9 51 30'

+ A m r (K sin 0 -K cos 0)(D2)
pcp y (D-240)

Pallet and Escapement Wheel in Exit Coupled Motion

"Pallet Equations. The free body diagram of the pallet for exit coupled
motion is given by figures D-5a and D-5b. Now

ln -Pn n (D-241)

This sign change will be reflected both in the force and in the moment expres-
sions. The following shows the relevant changes in equations D-23 and D-140:

Changes in Force Equations of Pallet

Equation D-24 is modified to accommodate equation D-241. The associated
friction forces have their directions determined by the signum functions s 4 and
s5, as before. Therefore, equation D-24 is changed in its first term only:

* ' -P n + s4 P n + (D-242)n n 14 n t

With the unit vectors of equations D-25 and D-26, the x'-force equation D-27 is
modified to:

P sin (* + a) + p1S4 Pn cos (• + ct) - Fxou -1115 y u

.. ,:: ,"" i •,••]'+ F + . . . ,".
- :i + FL (D-243)

The terms in the y'-expression D-28 are changed as follows:

"- P cos (* + a) + uis P sin (* + () - Fyu - 5 Fxs u
"n 14 n 15

• .G I ".,.

+- F + +_ (D-244)

The expression for Fz, remains as given by equation D-29.

Changes in Moment Equation of Pallet

The form of P according to equalton D-241, also reflects itself in the
"expression for % eq D-61). Therefore, for the exit case 7

p
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aCWT 2  * •A15 PfFz, (Thrust friction

The actual directions of the torque)

friction forces and the thrust

friction torque are re- .F y

Sversed by the signumi syu

function s

N1p!I --

%p

z' (rc) ys U(11) rcp Cp"•,

pOp

/P

(L and L represent one-
haPf the histance' between
the pivot bearings in upper

LL and lower plates.)

"S'5FxL

FXL

•lS5F' L~ .

F Y.

Figure D-5b. Pallet in exit coupled motion. Normal forces, friction force, and
thrust friction torque acting on pallet pivots.
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M PD I ' " 0064 C1 Pn '" (D-245)
P

Simplification of Force and Moment Equations.

x'-Force Component

Dueato the change shown in equation D-243, the parameter A16 in equation D-
48 must be changed to become:+si (,+(D46

.k• AA - - lS4csn (o + +) s + a) (D-246)A16  1- 4 (

y'-.Forcs Component,

Similarly, because of the change in equation D-244, the parameter A21 in
equation D--55 must be changed to:

AA2 [1 sY4 sin (4+ a) -cos (~+ ai)] (D-247)

z'-Force Component

-~The z -force component remains as that given by equation D-61, as stated
earlier.

x1- and y'-Moment Component Equations

The x'- and y'-moment component equations remain unchanged from equations D-
64 and D-65, respectively, since they do not contain Pn"

z'-Homent Component Equation

Because of the changes shown in equation D-245, the z'-moment component
expression 0-66 must now be modified to read:

Pn (DI + v s4 C) - pf A11 Fz, - p A11 Fyt - A A1 Fx~u

-p A F -p A F
p 1ly'L p 11 x'L

a p r - (Kp sin - K cos 0)+ A9 + A10- r (D-248)

Solution of Pallet Pivot Forces. The solution for the pivot forces
F Fv'u, FxL, and F vL is identical to that shown for the entrance coupled
mot on, keeping in mind that now the parameters AA16 and A2 1 are used instead of

* [A 16 and A2 1. Equation D-117 must subsequently be c1anged to:

.11 m m,

*= -: 93
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F F + F + F
V..u . U x1L y11

24 + A2 5 +
2 A26 + A27 + "n AA28  (D-249)

A24 to A2 7 remain the same; so does AA28 as long as it is realized that it con-

tains A16 and MA21.

Substitution of Pallet Pivot Forces into z'-Moment Component Equation:
Determination of P Because of 'the changes in equation D-248, and using the
same reasoning as employed for equations D-123 to D-128, equation D-128 becomes
for exit coupled motion:

"n 2 9 - A3 0 - A3 1 t - A3 2 l2

II" + - mm rcp ( sin - K co (-2)

where

A• M2-9 A [DI + C p AA2 8 ] (D-251)i l•A29 1 I Vis4 + Pp S5 28

Finally, parallel to equation D-137, the contact force Pn becomes:

*l i iI

IR + A + 3 0 +A 3 1 + + A3 2 *L-m r (Kx sin - K cos 8)
n AA

M29
_. l(D-252)

If this expression is rewritten in terms of the escape wheel variables c and $
th, following equation which is similar to equation D-140 is obtained:

ii (I -- ++( 2 + I ;
. ,29

+ A3 1 U $ + Ag + A30 - mp r (Kx sin 8 Ky cos 0)] (D-253)

Escape Wheel Equations* The free body diagram of the escape wheel in
exit coupled motion is given in figures D-6a and D-6b. The change in the contact
force Pn must again be accounted for.
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Escape wheal rotates ccv

, / Pf3 Fz (Thrust friction
• iiiT3 f3 torque)

F-- F

3 y3u
IF
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Chan~ges in Force Equations of Escape Wheal

Equation 0-161 must be modified to read:

Pn n% - 1S 4 aPn + F2 3 n23+ (D-254)

With the unit vectors of equations D-143 and D-144, the X-force component equa-
tion (changed from equation D-164) becomes:

p sin (,+a+ )+ u s 4 Pn co" + a+

+F23 2  2 23 cos + e2)- F.3u

+ UFy3u +Fx3L Fy 3L Nx m 3  (D-255)

The Y-force component is changed from equation D-165 to read:

- Pn cos (,+ a+ %)+ Uts 4 Pn sin (+÷ a,+ 3)

F23 cos (B2 + 02)+ U 2 F23 sin (2+ e2 - F 3

-1 F + F + 11F N mx3u y3L x3L y 3 (D-256)

The Z-force component remains as in equation D-166, i.e.,

Fz 3  N3 m3  (D-257)

Changes in Moment Equations of Escape Wheel

4! The moment equation D-167 for the escape wheel and pinion no. 3 must also
* reflect the change in P The left-hand side of the above expression, as given

by equation D-168 must be modified, because now the cross product

A nt x P nn P A' k (D-258)
I t n n n

This results in the following change to equation D-168

Pn (A; + B] Us 4 )k+ rb 3 F 2 k- . . . . . (D-2!9)

The right-hand side of equation D-167 remains unchanged. The resulting X and Y
moment component expressions, i.e., equations D-170 and D-171, respectively, are
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not influenced by the above change. The Z-moment component expression D-172 must
now read:

n(A + BF us 4 ) + F23 [b 3  " 2 (d 2 - a2)] - . . . . (D260)

Simplification of New Force and Moment Equations of Escape Wheel.

X-Force Component

Due to the change in equation D-255, the parameter A3 3 in equation D-173
must be changed to

AA33 - 8 Cos + B3)+ sin ( ap+ c+ 83) (D-261)

Y-Force Component

* Similarly, because of the change in equation D-256, the parameter A3 6 in

equation 0-177 now becomes:

AA3 6 -ie4 sin (gi+ a+ 3)- cos (~j+ o.+ 83) (0-262)

Z-Force Component

The Z-force component remains presently as given by equation D-257.

As stated earlier, the X- and Y-components of the moment expres-
sions for the escape wheel need not be changed. They are used in their final
form as given by equations D-181 and D-184, respectively. Therefore, the X-
component of the moment equation is given by:

L[ F + L F + t .L F + L F
u Fx3u u y3u L x3L L y3L

"-A 3 9 + A4 0 ' (D-263)

The Y-component of the moment equation is

L u Fx 3 u + L uFy 3 u LLFx3 L LLp UF y3 L

A 41 + A42  (D-264)
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Solution of Escape Wheel Pivot Forces for Exit Coupled Motion. since

only the parameters AA3 _j and AA3 6 differ in the set of simultaneous equations D-
"173, D-177, D--263, and -- 264 from those used in the solution for the pivot iorces
in entrance coupled motion, the latter is adapted to the present situation.
Then, according to equation D-196

. L 1 +2 [C2 1 + CC2 2 P + C F +C 2  (D-265a)
xu (Lu + LL (I +

where, now

CC2 2 " jLL (AA3 3 + A Ak3 6 )I (D-265b)

and, as before

C2 1 " ILL A3 5 -A 4 1 + u (LL A3 8 + A39)I

C2 3  ILL (A34 + A3 7 )I

C24 " tJA 4 0 - A4 2 1

According to equation D-204:

F C + cc +C F + C (-266)
y3u (Lu + LL9(1 + ) 2 C25 26 n 27 23 28

where now,

CC 36 I AA33 )I (D-267)
26 L A3

and, as before

C2 5 ILL A3 8 + A3 9 + (A41 - LL A3 5)1

.C27 - LL (A37 - uA 34 )I

C2 8  A IA4 0 + A 421
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According to equation D-212:

"1 2' [29 + CC30 P + C3 1 F23 + C3 2 (] (D-268)
xL-(L~ + + )( )

where nnw,

CC30  I I u (AA33 + 1 AA3 6 )I (D-269)

and as before

C29  ( 39 L u A3 8  L A3 5  A4 11

C3 1  " ILu (A34  + U

C32= Il A4 0 - A4 2 1

According to equation D-219:

Fy3 • (0-270) :y L % 2, [C33 + CC3 4 Pn C3 5 F23 + C36

(L u + LL)(1 + ~) "2 3

"where now,

CC34 " ILu (u AA33 - AA36)I (D-271)

and, as before

C33 I (A4 1 + Lu A35) + A39 - Lu A38 1

C3 5  ILu (• A3 4 -37)

C36  IA4 0 + A421

Substitution of Conservative (Tilded) Pivot Forces into Z-Moment Expres-
sion. The sum of the tilded pivot forces is identical in form to equation D-
224. Therefore, with equations D-265, D-266, D-268, and D-270, the following is
obtained:
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F 3 u + F 3 u + F 3L + F y3L

"-A 4 3 + AA 4 4 Pn + A4 5 F2 3 + A4 6 • (fl-272)

where now,

Cc2 2 + CC26 + CC30 + CC34 (-7
AA + ' 2 (D-273)

'44 L (I + ):

and, as before

C 21 + C 25 + C 29 + C 33

LT (1 +'2

k 23 + 27 + 31 + 35',
A 45 L +. 21.

i • ,, C24 + 28 + 32 + 36 ':.

"46 ~ ~IT ( 1 + 0a):'.

Substitution of equations D-257 and D-272 into equation D-260 furnishes the "
complete Z-component of the escape wheel moment expression for exit coupled "''
motion: i,

P n (A,'l + B 11 'J14) + F 23 'r b3- d2 f 4

la 3 [43 + AA44 Pn + 4 F23 + 46 ] Iz6 ~ z s (D-274) ",

-- + I € _

Using the same reasoning as given in connection with equations D-3anD23,,,

equation D"-274 now solved for Pn Therefore, ;

LT (i + u )

n C2 4 + C2 I p3 AA44]C.

' rAm+ram-. + F2 3 [r'b3 - '2 (d2 a 2) a -3 A45]A-

1m P3 A46 U [Pf3 A47 + P3 A436 ' -+- I z (D-275)

S.. . ... 101
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and, similar to equation D-235

* .2

,,_ H! A A' + A

"+ A48 * + F2 3 A4 9 + 5 0  (
:i' (D-27-"6)
,',!" ( mn AA5

where now

AA A'+B' + s B P3 (D-277)
51 1 11 "04 - AA44

while as before,

li p3 A4 6
A4 8 -

4A9 " . [82 (d2 - a2 )+ P3 A4 5 ] - rb 3

"A50 -I w. + Pf [f 3 A47 + 03 A4 3 ]

::iii Combined Exit Coupled Motion Differential Equation. Equations D-253 and

D-276 are now set equal to each other in order to obtain the combined coupled
motion differential equation of the escapement under exit conditions: -

[ PR II UI + [AA (

51  PR U- 1zs 5 (A32 U + 'PR V)

AA 9 A48AA5IAU31Fii AA A,+ + A A AA (
-F 2 3 AA2 9 A4 9 +M 2 9 A5 0 -AA 5 1 (A9 + A30 )

+ AAs mp r (Kx sin -Ky cos 3) (D-278)

The above expression has the same form as equation D-240, and the difference
between entrance and exit coupled depends on the value of the signum function S7
"which is introduced in the next section.

Common Expressions for Entrance- and Exit-Coupled Motion

It is possible to obtain common expressions for all the A's and C's
(i.e., W's and CC's) associated with entrance-and exit-coupled motion, if the
signum functions 87 are introduced, where

* s7 = positive for entrance-coupled motion
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57 - negative for exit-coupled motion

* With the above, equations D-54 and D-246 are satisfied, if

A16 - - cos (* + c) - 57 sin (, + r) (D-279a)

Equations D-60 and D-247 are satisfied, if

A2 1 - - [87 coo (iJ + ct) + Pls 4 sin ('+ a)] (D-279b)

Equations D-130 and D-251 are satisfied, if

A2 9 - 57 DI - CI UP1 4 -p t'iS5 A2 8  (D-280)

Equations D-174 and D-261 are satisfied, if

A3 3 - uis4 COB (1p + c + 83) - 87 sin (ip + a + 83) (D-281)
33 1

Equations D-178 and D-262 are satisfied, if

S .' A3 6 - uIS 4 sin (i + c + 83) + 57 cos (p + a + 83) (D-282)

Finally, equations D-239 and D-277 are satisfied, if

[•BIA5 1 " B1 4 - s7 A, - P p3 A4 4  (D-283)

Dynamics of Rotor

Before the force and moment equations for the rotor can be considered, it is
first necessary to obtain expressions for the absolute accelerations of the rotor
pivot 01 and the rotor center of mass C . A top view of the rotor in the mechan-
ism plane is shown in figure D-7 (also fig. A-3).
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Absolute Acceleration of Rotor Pivot 01

The absolute acceleration of the rotor pivot 01 is given by

0A 0/ground - 1/c + Ac/ground (0-284)

where

Xc/ground * given by equation C-4 of appendix C in the projectile fixed
X-Y system,

while

A iW xtX + x~ (D-285)0 /c

After substituting

611 IR11 i (D-286)

and equations A-1 and A-5 for • and •, respectively, the following is obtained:

A0 / Lx L + Ly j + Lz k (D-287)

" Iwhere

,,w Lx2( + w 2 ) 6 (D-288)

. L (wxw + (D-289)

Together with equations D-187 and C-4, the following is obtained for equation 0-
* ~284:

A-0 1 +0 + 0 k~ (D-291)
0 1 /ground x Y z

where

Ox ,G + Lx (D-292)

OY Gy,+•Ly (D-293)
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0z G + L (D-294)
z z z

Absolute Acceleration of the Rotor Center of Mass C1

To determine the absolute acceleration of the rotor center of mass in
the X-Y-Z system, it is first necessary to find Ac /O , the acceleration of the

rotor center of mass with respect to the rotor pivot 0,, in the - _
system (fig. B-7). Subsequently, this expression is transformed into theX-
system and added to the absolute acceleration of point 01 as given by equation D-
291. Therefore,

AC /ground A 1C 10  + AO/ground (D-295)

The term A is obtained from:
C /0
1 1

Ax x )+ xrc (D-296)

where

rcl -re 1 nl (D-297)

The terms • and w, are taken from equations A-35 and A-39, respectively.

When all operationLs are performed, equation D-296 becomes:

AC /01 -r [ 2 + to F,

ci r

+ rel [W • - (D-298)

With the help of equations A-28 and A-31b substitute for the above body-fixed
unit vectors; i.e.,

- cos y i + sin y (D-299)

n - sin y i + cos y j (D-300)
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; m~ (D-301)

where

.1c +N 3 1  T (D-302)

This results in .

*2 2
A, /0 r c1 [ l + W I Cos y + (W + w) sin y]

rC ( +W AC/O si -n (W WI nl+Co

+ rt [tl , - n (D-303)

"Finally, equations A-36 to A-38 and A-40 to A-42 are used to express the angular
* quantities:

ACO - - r y [ 2 + tmz + N3 1 $) 2 coB y

+ + N 31  sin y] •

+ [(2 sin � - u w cos y + (w + 3 1  )2 sinx y
,- (c + N31 C o ]

-( CoB Y + W Y sin y)Wz+ 2 N N31) + ýX si

S- ; .os y] .} (D-304)CsY ]

The total acceleration AC /ground then becomes according to equation D-
295 with equation D-291:

107



S[,2 ;) 2

Ac/rud j (- Cos y - Ww sin +( oC grun c yx y z 3

+ (w + N31 )sin y + oI}
" mx2

+ {- r 1 [ sin y - u,)w cos y + (w + N31 1) sin y

- + N"31 *)cos Y] + O}I

+ {rcl (x cos y + w sin y)(wz + 2 N3 1 $)

+ w sin y -y cos y]+ kD305)

Force Equations for the Rotor

A top view of the rotor together with the mechanism plane is shown in
figure D-8a. It indicates all required geometry, the base circle radius Rbl, and

the contact force F as well as the associated friction force Ff 2 1 (for details,
see refs 1, 2, and 2 •). A free body diagram of the rotor pivot with all normal

" and friction pivot forces is shown in figure D-8b.

The force equation for the rotor is given by:

E F= m, AC/ground (D-306)

where AClod is given by equation D-305. Therefore

1F 1 l21 + SI F1  N 12 + FZI k Fxlu i Fylu

- • Fxlu j + Fylu i + FxlL i + Fy1L J + U FxlLi

- Fy1L 1inml AC /ground (D-307)

According to equation E-127 and E-128 of reference I

n.2 sin ($1 -0 1 ) +cos ($1 -6) (D-308)

nNl2 -CO S -(1 - sin 8- 1 ) 3 (D-309)
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T A P F (Thrust friction
Tti lz torque)

Rotor rotation is ccw

FFz ylU ylu

Fxlu

II
Z(k Y() -Plane of force F21

/ / and associated frictioni force

* *

0 1:

rcl

LL C1  (L1 and L represent one-
j haOf the hIstance between

the pivot bearings in upper
and lower plates.)

F, 
L

/Fy

Figure D-8b. Rotor and gear no. 1. Normal. forces, friction forces, and thrust

friction torque acting on rotor pivots.
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The above unit vectors are now substituted into equation D-294. Subsequently,
the component expressions of this equation are written with the help of equation
D-305:

X-Component of Rotor Force Equation

112 sin - 01 ) - 1 "l 12 1oo . 1) " u+ " 7yiu

+FxlL - F ylL M, rcl -y Cos Y

* -w y sin y+ C + ( 3 1 +2 cos y

+ +6z + N31 *)sin y I + Ox] (D-310) Is

Y-Component of Rotor Force Equation

-F 1 2 co 1 (A1 -1e)-ilasI F1 2 sin (01 - 1 Fy - xluF'

+ FI +UFXL - M [ rcl {2 sin y

*x W yCosY+(W +N 3 1  ,)2sin y

- z + N31 *) cos I } + Oy] (D-311)

Z-Component of Rotor Force Equation .

Fzi m, {rc [(wx cos y + wy sin y)(wz + 2N31 )
+ w sin y- cos Y] + OzD-312)

Factors Entering into Moment Equations for the Rotor

The moment equation for the rotor must be written with respect to the
accelerated pivot point 0o. (This is similar to the manner in which the pallet
moment expression D-30 was written with respect to point Op.) Therefore,

HO - - /ground x ml r., (Cos y '1+ sin y •) + AO (D-313)k1/ro"-
111
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Swhere

M =sum of external moments about point 01. It is assumed
1 that 01 lies in the plane of the rotor center of mass, and

that F, 2 and P sI F12 also lie in this plane.

S1 /groundbsolute acceleration of point 01 (eq D-291)

• = Time rate of change of angular momentum of rotor with

01 respect to point 01. It is obtained by adapting equation

B-4 of appendix B to the 4-n1 - 1 system. The appro-
priate angular velocityaid aclelerition components are
given by equations A-35 and A-39, respectively. The
transformation into the X-Y-Z system is accomplished with
the help of the unit vector expressions of equations D-299
to D-301.

Determination of

The moments due to the gear contact forces F and U sa F are identical to "1
those of equation B-129 of reference 1. The mom~Iits due Jo Rle various bearing
forces may be adapted from equation D-32. (Since the rotor always has counter-

* "clockwise rotation, let s - + 1 in equation D-32, change p to p, and adjust the
subscripts from the prime to the unprimed coordinate system*.)

M0 [Lu Fylu + y Lu Fxlu + LL Fy1L + uLL FxlLi

i [" Lu Fylu Fxlu + . LL Fy1L - LL FXLL ].

+ [- Rbl F12 + 11 s 1 aI F12 - I zFl F

S- l1  Fu -l p Fxu- - p 1 FIL- p1 p FxLj (D-314)

Determination of Right Hand Side of Equation D-313

With the help of equation D-291, the following is obtained for the right
hand side of equation D-313

(0. - 0 j + 0 1 + o I r c (cos Y!+sin yi)
y

M-i rcl [0z sin y - 0z cos y - (Ox sin y- 0y cos y)k] (D-315)
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Determination of Time Rate of Change of Angular Momentum, with Respect to Rotor
Pivot 01

To obtain an expression for in the " - rotor-fixed system,
0

equation B-4 is f irst adapted from J& X-Y-Z system. Subsequently, the angular
velocity and acceleration of equations A-35 and A-39 are substituted as follows:

S.W cos y +4 w sin y (D-316)

W = w sin y + w cos y (D-317)I x y

W- w + N3 (D-318)

S coo y - N sn y + sin + y N3 1 $coo y (D-319)F. x x 31 31in~

-sin, w N3 CeosY + cos y -w N $siny (D-320)
TI x X 31 y y 31

?'•;= z+ N41 (D-321)",

Finally, the body-fixed unit vectors n ' n, and n are given in the X-Y-Z

system according to equations D-299 to D-01. ½his furnishes

= •- "{' (' cos - w N31 $sin y + sin y + wy N Cos Y)

+ ( x sin y + w y cos y)(w + N31 $)T -ý I 3 nn

+ 1n, [(w - + N31 +(a cos y + w sin y) - sin •y

w N c o0 -w-Ns i n y )
- (X N3 1 * cos Y + ycos y - y N3 1 $ sin y]J

[(x cos y sin y)(- W sin y + y cos y)

+ + N3 - wx, sin y + w coso )2

-(w z + N31 *)2]}(cos y i + sin y J)
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"+{Inn1 (" ;sin y-wN 3i " Co°y+sy' Cos- wy N3 1 *sinY) y)
( os wy +,.,,.,);y + N31  3-

+ tn~ty z• 31") • ; 1''-
+I ((j cos y~ + wsin y)(- (j~ sin y + wycos Y -y + N 1 )

-i. ( Cos y N sin y + sin .y + wN Cos c )xn- 3c y y 31

+ w- w sin y + Cy Cos BY)C• + 11 - W[(z

;31 $)2 w - cos -y + wy 2in ]} (_ sin y i + cos y j)

+ fIl (z + N3 1 ) + (w cos y + w sin y)(- w sin y + ,y cos y)

x (I wI sin y + w cos y)(w. + 14 -

i -Cos y -W N 31 sin y + w, sin y + w 3y N 31 cos y)_

x 311

" ~ ~-tIrI[-• i o N31 * cos y + w cos y - wy N3I;sny i,+.

+(WCOV+W ~ ,~*. *1.CO

+ W sin y)2 - (_ w sin y + w cos y)2]} ]I (D-322)

Y yi

The components O and must now be determined from equation D-322.
This leads to: ly lz

1io A52 + A 53 + A 54
2 + A 55 4

1x
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where

A 5 2 mcoonyji 4 coon y + sin y)

+ (I• -I )• -W i, y Cos y)

+ I(, [C (y cor y + W si, Y)+ (', , sin y - Cos -Y)

.- co [ Co y + t sin (- y qsin y w cos ,, + ]

r:2 2• •
q sin y + C ,os )2 w ]t -)

-"sin" y 1{ to"r (- sin y + cos Y )

.w+ (w - )w cos y w sin y)
z

+ C[(• cos y + i, y)(- sn sin y q cos

-Cosn y+ sin y) + w q sin y+ wcos y) -

Eix y x;1 z•l nt':
Y Y

A* [- sin w+ [ o0, +2 -) +o , ,+ 21 sin y) + [w cosn y+ w sin- + )siy

+ 21 son y]+ [w [o co y+ + si y] (s-325) --. I

z F4

A ,3 [i, cos y + I sin y] (0-326)

A55 31  C l Cos y+ I sin y] (D-327)
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Further,

yA 5 6 +A 5 7 + + A5 8 ;2 +A 5 9  (D-328)

A5  56 57 58 5

1 y

A56 "sin y {I (,dx os + sin( y)
• + Iz , znnl) w x :.' si + w ,Cos y w z

En',:: 1Wz.i (w x os y + w,,y sin y) - s-• in y + •y Cos )

w [Cos y + w sin y)(-• sin y +w Cos y)+]

2: 2
+cosy sin-" y + ,w cos y) 2,.', x y z

)w +Cos y + sin y)
. ,• iT1x y

+ I [ Cos y + w sin y)(-, (sin y + w os y)-

I En[ o i (o z w xsin + w cos y)]

- I[z2 - co s + sn y)2]} (D-329)x y

| ~A7- N3 w[ sin y + w• cos y] "

x [l + I -I si ay- 2 1 Cos y]

+ [w x COB y + w y sin y]

x [2 B,, sin y + (I - -I ) CoB y]
& ý l " c n n i

+ 2 w [I4 sin y - Cos y]} (D-330)
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A N2- (I •- y I con 1 (D-331)

58 3

A - 31 [N1 sin.+ I (D-332)
w.

Finally,

itl -A 6 0 + A6 1  (D-333)

where

"A60 " C i W + I C W CoB s + % •sn -y)

x w- w sin y+ w cos y)x y

+ w sin y+ w cos )) co - COB - i )x y z x y

+ sin y - w cos y- q coj s yB q+ sin y)I

- COs y+ sin - (w) sin y+ w COs y•] (D-334)
ý x y - ' x y

A N I (D-335)
61 31 c

Simplification of Force Equations for the Rotor

X-Component of. the Force Equation

Equation D-310 is now rewritten in the following manner:

-Fu + u F 1  + FiL - iF

A AA 2 + A F,A 6 2 + A6 3 *+A 6 4  2 +A 6 5  66 12 (D-336)
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where 21
A62 m, 1 r [ l l coo y+ siny ..

- 2
,z c - ny] (D-337)

SA6 3 -- 2m r1  w N cos y (D-338)
A63 I clz 31

2A64 i- m1 r1 N31 cos y (D-339)

A6 5  m, rcl N3 1 sin y (D-340)

A6 6 - us 1 cos (B- - sin (B0 - 01) (D-341)

Y-Component of the Force Equation

Equation D-311 becomes:

-F -F + F + Pylu xlu ylL xlL

*2
A6 7 +A 6 8 *+A 69  2 +A 7 0 *+ A71 F1 2  (D-342)

where

2A6 7  m1 r c [- sin y+ wx w cos y

2:- sin y + cos yJ + m 0
"z I y (D-343)

A6 8  - 2 mI r N 31z sin y (D-344)

A69 r N 2 sin y (D-345)

A7 0 -r- 1 rc1 N3 1 cos y (D-346)

A71  cosr - 86) + a s, sin (B -01 (D-347)
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Z-Component of Force 'Equation

Equation D-312 is rewritten in its tilded form directly:

11 -A72 + A73 *(D-348)
*: where

* A7 2 " i,1 rcl [W (Wx cos y+ u sin y)

"-'+ • sin y- Cos U 1 + (m-349)

A7 3 " 12 mi rc N31 [w coe y +w sin y]I (D-350) 6

Simplification of Moment Equations for the Rotor

The components of the rotor moment equations are now written according

to equation D-313.

' X-Component of Moment Equation

With the help of equations D-314, D-315, and D-323, the following is,
obtained:

i uL F + L F + pL F + L F
u xlu u ylu L xlL L ylL

M-I rc 0 sin y + A + A3 ;+ A5 4  2 + A5 (D-351)

* Y-Component of Moment Equation

Again with the help of equations D-314 and D-315, i.e., its y-factors, as
well as equation D-328, the following is found:

-LF + pLF + plF -LF
u xlu u ylu L ylL L xlL

" -m rl Oz corn y+ A5 6 +A 5 7 •+A 58  +A 5 9 ' (D-352)

Z-Component of Moment Equation

Again, using the Z-components of equations D-314 and D-315, together with
equation D-333, obtained for the Z-component of the moment expression
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~R b F 12 + a. I~ a 1 F 12  P PA F z 1p (F Xlu + F Ylu + F L + F YlL)
m7 r [0 sny'Cs,]+

i 1  [ s y 60  6 1  (D-353)

Solution of Rotor Pivot Forces

To obtain the rotor pivot forces, equations D-336, D-342, D-351, and D)-

352 munst be solved simultaneously. Therefore,

"-F I+ F +F -iF B 1(D-354)

F F +"F + F B (D-355)
xlu ylu xlL ylL 12

"11 L UlF + + L U F +u + L L F - os + L6L F A1B 1 (D-356)

""L F +iL F L F +iiL F B(
U xl_ u yhu L xlL L yll_ 14

wherp

*2
H1 1  A + A + A 4  + A +A F (D-358)

31 A67+ A68 *+ A69  02 + A70  *+ A7 1 '1l2 (D- 359)

0 sin y + A5  + 2 (D-360)
13 m+Alz 52+A 53  54 + 55

B1  mr~ ~ cos y+ A 6 + A5  +A 5  +2 (D-361)

Since equations D-354 to T)-357 together have the same general form as equation D)-

67 for the pallet, the forms of the pallet pivot force solutions for the rotor

pivot forces may be used. It must be kept in mind that for the rotor the factor

*j m ust be substituted for All. Then, according, to equation D-73:

n1 - [(Lu+ L L)(1 + 2 2(D-362)

Parallel to equation D-80, the determinant DF becomes:

D Fxlu - (Lu + FxLL+ -2 ) LL B11 - LL B12  '13 B 141 (D-363)
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equaionAfter appropriate substitution of equations D-358 to D-361, parallel to

equations D-81 to D-87, the following is obtained for the conservative rotor
pivot force:

D
,,U " u 1 [D37 38 39+ C + 1 + 2

L, (D-364)

where

' C3 7 m ILL A6 2 +U (A5 2 - LL A6 7 ) A5 6

+ M r1 0 [v sin y + cos y]-365)

* - C3 8  I- LL A6 3 + A53 - LL A68 )- A571 (D-366)

C3 9 m I-LL A6 4 + Ij (A54 - LL A6 9 )- A58 1 (D-367)

C4 0  - LL A6 5 + , (A55 " LL AT0 )- A59 1 (D-368)

C14 1 - - LL (A6 6 + p A7 1 )I (D-369)

Parallel to equation D-89, the deterninant DF becomes:
Ylu

DF (Lu + L.)(1 + P2 ) {u L1 B1 LL B2 +B 1 3 + p B4j (D-370)
ylu

After appropriate substitution of equations D-358 to D-361, parallel to
equations D-91 to D-96, it is found that:

SD~Ylu
U T 2 [c 4 2  c 4 3 $+ C4 4 +2 C4 5  +C 4 6 F1 21

ylu LT ( +2) (D-371)

where

C4 2 - ILL A6 7 + (A5 6 + LL A6 2 ) + A5 2

+m rc 0[ -(i COy (D-372)
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C4 3 = " LL A6 8 + , (LI A6 3 + A57 ) + A531 (D-373)

C4 4 ' I-LLA6 9 - (LL A6 4 + A58 41 (D-374)
C44~,,' LLA6, L6

C4 5 - -" L. A7 0 + (LL A6 5 + A59 ) + A55 1 (D-375)

C46 ILL (P A6 6 " A7 1)I (D-376)

Parallel to equation D-99, the determinant DF becomes:
xlL.

DfL (Lu + LL)(I + U2) BLu 11 + Li LB 12 + 1l - B1 4 } (D-377)
xlL

Again, equations D-358 to D-361 are substituted into the above. Then
proceed parallel to equations D-101 to D-106. Finally,

S[C 7+ C- .+.. 2

x1L D + 2) 474 +4 50 4 + C5 1 F12-.
(D-378)

C4 7  ILu A6 2 + (Lu A6 7 + A52 ) - A5 6 + ml r., 0 [U sin y + cos y]g

(D-379)

C4 8  ILu A6 3 + p (Lu A6 8 + A5 3 )- A57 1 (D-380)

C4 9  ILu A6 4 + (Lu A6 9 + A54 ) - A5 8 1 (D-381)

C50  ILu A6 5 + (Lu A70 + A55) - A5 9 1 (D-382)

C5 1 . IL (A 6 + u A71 )I (D-383)

Parallel to equation D-109, the determinant DF becomes:

DF " (Lu + LL)(I + U j2 ) 1- Lu B11 + Lu B12 + B13 + U B14 1 (D-384)
yliL
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After substitution of equations D-358 to D-361, proceed parallel to
"equation D-111:

YL- L I [( 2 + C + C ;2+ C ++ F
+- y1L Dt Ur( 2) 5c2 + 53 54 55 +56 •12)

I +T (1 + (D-385)

where

C5 2 - ILu A6 7 + p (A5 6 - Lu A6 2 ) + A52 + mI rcl 0 z [sin Y - . cos Y-I

(D-386)

C53 ILu A6 8 + U (A5 7  Lu A6 3 ) + A531 (D-387)

C54 A At +11(

54 A6 9 + -u A64 + A541 (D-388)

C55 7 ILu A 0 + i (A5 9 - Lu A6 5 ) + A55 1 (D-389)

* C56 - ILu (A7 1 - z A6 6 )I (D-390)

* Substitution of Tilded Pivot Forces Into Z-Component of Moment Equation

The sum of the pivot forces in equation D-353 is replaced by the sum of
the tilded pivot forces, as given by equations D-364, D-371, D-378, and D-385.

* Then

F + F + F + F F + F + F + FXl11 ylu, xlL y1L Xl11 ylu. xlL ylL

A7 4 + A7 5 * + A76 + A7 7 (b + A78 F1 2  (D-391)

where
SC3 + C4 + C7 + C5

A 3 7  42 47 52 (D-392)
LT (1 +)

C38 + C43 + C4 8 + C5 3
ALT (I + i) (D-393)

C39 + C44 + C49 + C54A7 6  " LT- -+ 2 (D-394) .

LT (1 +
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04 0 + C45 + C50 + C5 5
A7 7  L (D-395)

LT + ( + C +)
c4 1 +c 4 6 +C 5 1 +c 5 6  (D-396)

""-TA78  L (1 +

The above is now substituted, together with the thrust friction accord-
ing to equation D-348, into the moment expression D-353:

- Rbl F12 + 1i si al F 1 2  P Oil [A7 2 * A73 7 ]
1 I [A74 * A75 A* A77 + F1 2 ]:

M--I rcl [O sin y -O cos y] + A6 0 +A 6 1  (D-397)

The above is rearranged to:

- F12  IRbt - s, a1  + i Pi A7 8 ] 0 [Of, A7 2  + p, A7 4 ]

• .2.
I o[of, A7 3 +0 1 A7 5 1 p p, A7 6  U * p, A 77

-A 6 0 + A6 1  o - rcl [0x sin y -0 cos y] (D-398)
yI

Now consider the signs of the various friction moments, recalling that a

reversal in the gear train motion will cause a change in the sign of U in the
program. The following moment components must have negative signs during posi-
tive rotation (note also that N3 1 is positive): .*

1: - W F 12 P A7 8  (D-399)

Ssince F12 and p1 are positive, and A78 is a sum of absolute values.

2: - P [Ofl A7 2 + p1 A7 4 ] (D-400)

since of, and p1  are positive, while A7 2 and A7 4 are both absolute values.
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3: A7 6  (D-401)

since A7 6 is also a sum of absolute values.

anulrThe sign of the term containing must be decided by the sign of this

angular velocity only. Therefore, the coefficient of friction must not change
sign on motion reversal, and the expression takes the form:

"lUl [Pf A7 + p A75 ] $ (D-402)

The choice of signs in the coefficient of the angular acceleration q is
discussed in detail in appendix F of reference 2. This leads to the computa-
tional rules of equations I)-409 and D-410 below.

With the above considerations, equation D-398 becomes:

79 F12 -A 0 - 8 1 *- 8 2

IR 60 - m' rc [Ox sin y - cos y] (D-403)

where

A7 9 a Rbl - ' sI a1 + u p1 A7 8  (D-404)

* Ago - P [P1 A7 2 + p, A74 ] (D-405)

Ap

A8 1  I'l I[,,fl A7 3 + p1 A75 ] (D-406)

A8 2  ' P1 A7 6  (D-407)

"A8 3  7 Iji p, A7 7  (D-408)

* Further

1IR A6 1 + A83 (D-409) -

when & and * have the same signs, and

-1lR A6i A83 (D-410)
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Expression for Contact Force F12

1Equation D-403 may be rewritten to obtain an expression for the contact
force F12:

F I-1 R A- A 1  -A82 2 - 0 - A60 + m1 r. 1 [ s ,,in y - o0 coo -

F1 2  A7 9
79 (D-4 11)

Dynamics of ,ear and Pinion No. 2

Before the force and moment equations for gear and pinion no. 2 can be writ-
ten, it is first necessary to find an expression for the absolute acceleration of
the gear and pinion pivot point 02, which coincides with the center of mass C2 of
this component. A top view of gear and pinion no. 2 in the mechanism plane is
shown in figure D-9.

Absolute Acceleration of Gear and Pinion Pivot 02

The absolute acceleration of pivot point 02 is given by:

A /ground C/ground (D-412)
2/ 2

where

Ac/ground -Absolute acceleration of geometric center C of mechanism
plane, as given by equation C-4.

and

A02c 0 I Ji I T j x? 2  ) + x 62 n2  (D-413)

where

w- w i + w + w k (D-414)
x y z

W 0 4Ai+ y+Wz (D-4 15)

Further
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Gear and Pinion
No. -

C (X (01

Mechanism Plane

Figure D-9. Top view of gear and pinion no. 2 in mechanism plane
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n coo Y 1+ sin Y (0-416)2 22

and

Cos Y2 (D-417)
2x 2 C0,Y2

6"2y *? 2 sin Y2  (D-418)

With the above, equation D-413 becomes:

A -P i + P j + P k (D-419)0-/C Px y :

where

"x" "'x l 2y - y+ ) -z 2 z 2y(D-420)

PY Wy - (110 + W 2 ) 2y + ýz 632x (D-421),- z'

"(•x 62x + W 2y )z + 6x 32y -y 62x (D-422)

Finally, equation D-412 becomes:

AO2/ground ' Ix + Oy j Oz k (0-423) -

where, with the help of equations C-4 and D-419:

Ox Gx + Px (D-424)

y G + P (D-425)

Oz =Gz + Pz (D-426)

Force Equations for Gear and Pinion No. 2

A top view of gear and pinion no. 2, showing the contact forces F3 2 and
"F1 2 together with their associated friction forces is given in figure D-i0a. A
free-body diagram of the pivot shaft of this component is shown in figure D-lOb.

The force equation is again based on Newton's law, i.e.:
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k C4, •

-T P (Thrust friction
2  2  torque)

Gear and pinion 2
rotation is cw

x "2K

Fy~u .:..
2Y

LU Plane of forces

z()F F
) • Y(j) F12 ' F 3 2 and asso-

ciated friction forces

---, . -i"

0 X(i)

(L L represents one-half the
distance between the pivot bearings

L"L in upper and lower plates.)-L

/ Fy2 L AFx 2L

Y22

Fx 2 L'

Figure D-10b. Gear and pinion no. 2. Normal forces, friction forces, and thrust
friction torque on pivots.
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"The force equation is again based on Newton's law, L.e.s

S2 A(D-427)

r*-

"where

E F - Sum of the pivot forces as well as the various contact
forces

I Mass of gear and pinion no. 2

.n Acceleration of the component center of mass, ise., equa-
2~ru tion Dl-423

The full force equation is now obtained with the help of figures D-10&
and D-lOb, as well as equation B-153 of reference 1:

S:: ==' - F 2 3 n 2 3 - 2 " 2 3 nN2 3 + F12 n 1 2 - 1 Sj F1 2  N12

+ F i F,~, j + F j + tj F~ i + Fz k""|di ~~ ~ ~ 2 i *'"" au IFx2u J y2u ÷IFy2u Z l 2

"x2L + FY2 Li " IFy2L [

.- _' m2 (o i + y . + Qz k) (D-428)

.n the above, ?2 and N21 are given by equations D-162 and D)-163, respectively.
The unit vectors n12 and nN12 were defined by equations D-30R and D-309. Appro-
priate substitution and subsequent separation into x and y components furnishes:

- X-Component of Gear and Pinion Force Equation

" 23 sin (82 + 82)- 2 1 F23 cos (82 + 02)- F12 sin (B e) 6

+ us F cos (B a + F + I F F F - no (D-429)
1 12 1 x2u y2u x2l y2l 2 x

SY-Component of Gear and Pinion Force Equation

-F23 cos (2 + 82)- s• 23 sin (• + 82 1+ F12 cos (B 0)1

"23 (-2 F sin (8 8) -2F + --

+ s1 F12 sin (8 1 61 F x2u + Fy2u + F x2L - y2L M2 0y (D-430)
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Z-Coiuponent of Gear and Pinion Force Equations

This thrust force is best expressed in tilded form, so that,

"' F2 (D-431).2 , IM--Q.I

Moment E'quations for Gear and Pinion No. 2

Since gear and pinion no. 2 represents a symmetrical body without pro-
ducts of inertia, its moment equations may be expressed in terms of the projec-
tile-fixed X-Y-Z system by the appropriate adaption of equation B-13 (app R),

Keeping in mind that the angular velocity *6 and the angular accelera-
"tion •, of gear and pinion no. 2 with respect t e projectile, must be

* expressed in terms of the escape wheel angular velocity • and angular accelera-

tion *,

~N 3 2 ~ (D-432)

and

* N3 2 * (D-433)1_

This gives the moment equation the following form (note that the pivot point n 2
and the center of mass C2 coincide):

+ w (w +t y)+[ix2 y :3m- •2 yx( +2 ;)]y"-"

22

+ (+I W (w. + N3

+" 2 (• - N32 *)1. (D-435)

The moment %R2 about point 02 is now found with the help of the pivot
2

shaft free-body diagram of figure D-10b as well as by the adaptation of terms due
to F12 and F3 2 , according to equation B-160 of reference 1. Note that the thrust
torque (-) U p 2 Fz k uses the tilded form of Fz 2 equation D-431 in order to
always make this friction moment positive, i.e, oppose the clockwise rotation of
the component. The parameter p represents the thrust friction radius, while p2

is the radius of the pivot shaftV.• Then .2
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MO P it 2 F23 a 2 " 12 b2 + a I F 12 (d, a,)
2 23b2 u 2  2 I'2'11

+ U 72 &2  + (L, U -p 2 x1 x (x.2, , - " 1  u F )-

+ (L, k- ) x (Fy,, + y ) .

S+ (-Lu k + P2 1x 2 F ,cL [ + P ,',2L i)

+ ( LL k + P2 i) x (- Fy2L - y i) (D-436)-,

The above becomes

2 FFx2u -L Fy2u +L 1 Fx2L - LL Fy2LI .

+ [L F + V L F + L F + u L F Ii
u x2u ui y2u L x2L L y2LI

+ [F2 3 (Rb2 -US 2 a2 ) - F12 (rb 2 - i sI (d1 -

+ U Pf 2 F 2  2 + U 2 Fy u + FX2L + F 2 L)] • (D-437a) -

"Substitution of equation D-436 into equation D-434 yields the following moment

component expressions:

X-Component of Gear and Pinion Moment Equation

U LF -LF -u LL - F
u x2u -u y2u + LL x2LL y2L

"x2 x + Iz2 y (wz + N 32 1•y2 Wy Wz (D-437b)

Y-Component of Gear and Pinion Moment Equation

LF +U L +F
u x2u u y2u LL Fx2L + L Fy 2L

'z2 'X (w + N -(D-438)
y2 ýy + 'x2 x z -z2x (w2 +1N3 2 $)
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Z-Component of Gear and Pinion Moment Equat ion

2 23 (% 2 + 92 a2) F12 (rb2  ' 1 a1 (d1 - a1)) --

+ U Pf 2 Fz 2 + 1 02 (Fx2u + Fy2u + Fx2L + Ny2L)

:z2 (z + N32 ;) (D-439) -

1' . Simplification of Force Equations for Gear and Pinion No. 2

The X-component of the force equation, i.e., equation D-429, is now
rewritten:

F x2u - y2u + Fx2L + F y2L A8 4 F23 + A85 F12 + A86 (D-440)

where

A84 " - [sin (B2 + 82) + "2 Cos (02 + 2)] (D-441)

A8 5  [ - [sin (, - 61) - 9 I cos (1 - 01)] (D-442)

A8 6  m2 Qx (D-443)

The Y-component of the force expression, i.e., equation D-430 is simpli-
fied to:

JFx2u -Fy2u - uFx2L + Fy2 L -A 87 F2 3 + A88 F1 2 + A8 9  (D-444)

where

*. A8 7  - [s s2 sin (02 + 02)- cos (02 + 02)] (D-445)

A8 8 = [ i sin (61- 1) + cos (l - Ol)] (D-446)

A89 -- m2 0y (D-447)
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Simplification of Moment Equations for Gear and Pinion No. 2

Equation D-437b for the X-component of the moment may be rewritten as:

"-uLu Fx2u + L F - L F + LL Fy 2 L Ago + Ag1 $ (D-448)
u xu uy2u ULLx 2L Lyl 0 9

where

A9 0  +[I2 • + (IW -W ) (D-449)
x2 y z z2 y2

A() I N W (D-450)

z2 32 y

Equation D-438 for the Y-component of the moment is written as follows:

u x2u u y2u L x2L L Fy 2 L A9 2  A9 3

where

A9 2  - 2 "z2 )) (D-452)

* A93 'z2 'x N32 (D-453)

Equation D-439 for the Z-component of the moment remains as is.

Simultaneous Solution of Pivot Forces of Gear and Pinion No. 2

SEquations D-440, D-444, D-448, and D-451 are now solved simultaneously
for the Pivot forces. Therefore,

- FF+y2+

Fx2u y2u + Fx 2L + p B2 1

F .u -F - F + F B
Fx2u y2u x2L y2L 22

( -454)

-uL F 2  + Lu F 2  - i LL F 21 + LL F 2 L B

.2 .- Lu Fx2u Lu Fy2 u -LL Fx2l, - LL Fy 2 L 824

"where

"821 A8 4 F2 3 + A8 5 F 12 + A8 6  (D-455)
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822 A8 7 F2 3 + A8 8 F1 2 + A89  (D-456)

I 2 3  A9 0 +A 9 1  (D-457)

B2 4  A9 2 + A93  (D-458)

To use the solutions of equation D-67, equation D-454 has to be changed
to a form that has the same signs as this set of expressions. This may be accom-

Splished by substituting

if = -(D-459)

(This replaces All u 85 in equation D-67.) Equation D-454 then becomes:

-F + Yk F + F F B
x2u y2u x2L y2L 21

L.
i-t FL + -F + F +F B

x2u y2u x2L y2L 22

(D-460)
1# 1, F + L F + ijkL F + L F -1

u x2u u y2u L x2l, L y2L 23-

-L F + IPL F -L F + IPL F 13
11 x2u u y2u L x2L L y2L 24

With the above substitution (i.e., equation D-459) the coefficient
determinant of equation 0-460 becomes according to equation D-75:

According to equation D-80, the determinant 0 Fx2u now becomes with the
appropriate changes:

DFu - (L+1 + 1 + 2 )1_ LL B2 1 + P LL B2 2 - B B2 4) (D-462)
x2u

Now substitute for the B2 1 's according to equations D-455 to D-458:

DF (Lu + LL)(1 + 2 _ A84 F23 + A8 5 F12 + A861

+ iiLL IA87 F2 3 + A8 8 F12 + A8 9
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- 9Ag0 + A91  ] - [A9 2 + A9 3 $]} (D-463)

After collecting of terms, the tilded force u becomes:
x2u

DF
x2u 1

F x2u ) LT (I + U2) [C57 + ¢58 + C59 F23 + C60 F.12] (D-464)

where

C57 - I" LL AR6 + Ii (LL A8 9 - A9 0 ) - A92 1 (D-465)
57 ~ ~~ L 6 ;9 2

C5 8  10 A91 + A931(D-466)

C59 - ILL (• A87 - A8 4 )I (D-467)

C6 0 = ILL (u A8 8 - A8 5 )I (D-468)

According to equation D-90, DF with appropriate changes becomes:
y2u

DF - (Lu + LL)(I + 2) [_ 21 LT, B2 2 + B2 3 - B2 4 ] (D-469)Fy2u L. 21,

Substitution of equations D-455 to D-458 gives:

D (L + 'L)(i + ji2 F-Lu m ) ) { - LL 1A84 F23 + A85 12 + A8 6]Dy2u

- L [A 8 7 '23 + A88 F12 + A 9 ].

+ [A9 0 + A9 1 $]- (A9 2 + A9 3 $] (D-470)

After appropriate collecting of terms, the tilded force F becomes:
y2u

F y2u T 1 [C61 + C62 • + C6 3 F2 3 + C64 F 1  (D-471)
y2u 1) L( 2+ ) 6 2 6 3 6 2

where
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C6 1 - " LL A8 9 " u (LL A8 6 + A9 2 ) + A901 (D-472)

C6 2 " IA9 1 - A93 (D-473)

"C6 3  ILL (ui A84 + A8 7 )I (D-474)

C6 4 - ILL (iu A8 5 + A8 )I (D-475)

According to equation D-100, DF with the applicable changes becomes:
x2L

D2 (Lu + LL)(1 + p2) ILu B2 1 - Lu B2 2 - -23 B2 4 } (D-476)

Substitute equations D-455 to Dl-458:

SD~ (Lu + LL)(1 + 2) {Lu [A84 F2 3 + A8 5 F1 2 + A8 6 1

- Lu [A8 7 F2 3  A8 8 F12 A89.

-1 [A 9 0 + A91 ,] - [A 9 2 + A93 (D-477) -

After collecting of te-.ms, the tilded force Fx2L becomes:

DFx2L

Fx2L LT 2) [C6 5 + C6 6 $ + C6 7 F2 3 + C6 8 F12] (D-478)

where

C6 5  I- U(LU A89 + A90 ) + Lu A86- A9 2 1 (D-479)

C6 6 = I A9 1 + A31 (D-480)

C6 7  ILu (A8 4 - U A 87)1 (D-481)

C68 - ILu (A8 5 - A88 )I (D-482)
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According to equation D-109, the determinant DF after applicable adaptation
becomes: y2L

y2L (Lu + i.)(+ ÷ 2) Lu B21 + Lu 22 + B2 3 " B2 4 } (D-483)y 2 L ";

Substitution of equations D-455 to D-458 lead to:

(Lu + LL)( + 2) { Lu [A84 '23 + A85 F12 + A86 ]1
y 2 L: " ;

+ Lu [A8 7 F2 3 + A 8 F12 ÷ A8 9 ]

+ [A9 0 + A91 - [A9 2 + A9 3 $]J (D-484)

Again, terms are collected and an expression for the tilded force Fy2L is found.
Therefore,

DF
F " [C6 +C + 2 V + C F (D-485)
F~l T -I + 2) [ 69  70 71 23 + 2 1 2]

where

C6 9 " ILu A8 9 + j (Lu8 A86 - A9 2 ) + A90)I (D-486)

C70 - IA91 - u A9 3 1 (D-487)

C7 1 = ILu (u A8 4 + A8 7 )1 (D-488)

C7 2 - iLu (p A8 5 + A8 8 )1 (D-489)

Substitution of Tilded Pivot Forces Into Z-Component of Moment Equation

Substitution of equations D-431, D-464, D-471, D-478, and D-485 into the
Z-moment equation D-439 is now required. First, let the tilde forces be added:

ýx2u + '9y2u + Vx21, + y2L A94 + A95 + A96 F2 3 + A97 F12  (D-490)
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C* ,

where

U9 c5 7 ÷ c6 1 +C 6 5 ÷* C6.9  D4

"LT ('i + u 2i" D4lC5 8 + C6 2 + C66 + C7 0

A9 5 u1 2 69 (D-492)
LT (I + ,'

C59 + C6 3 + C6 7 + C7 1A9.5 (D-492)

LgT (1+ + )

cA9 6 0  26 4 +C 6 8 +C 7 2  (D-494)

LT (1 +i
C. + C + C + C

Further, let equation D-431 be expressed as

"F" 2  A98  Im2 QzI (D-495)

Equation D-439 then becomes:

F2 3 (Rb2  2 2 a - F12 (rb 2  I sI (dI ")

+ l 0f2 A98 + p2 [A94 * A9 5 $4- A9 6 F2 3 + A9 7 1i2 ]

=1Z2 (ýz + N3 2  0) (0-496)

or

F2 3 [Rb 2  ' • s2 a2 + ji P2 A9 6 ]- F12 [rb 2 - jAB1 (d1 - a 1 )- I . P2 A9 71

+ Ii [Pf 2 A98 + P 2 A9 4 ] P P2 A9 5 4" A99 + A100 p (D-497)

where -

A I w (D-498)99 z2

A .1 N (D-499)
100 z2 32
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Now consider again the signs of the friction moment terms, recalling
"that a reversal in the gear train motion will cause a change of the sign of u in
the program. The component rotates normally In a clockwise direction and the
friction moments must be positive. Also note that N32 is negative.

The following friction moments must be positive for positive rotation

of the escape wheel. (This implies a negative angular velocity for gear and
pinion no. 2.)

,i F23 o2 A96  (A96 is stm of absolute values) (0-500)

"P F2 2 A97  (A is sum of absolute values) (D-501)

" f [02 A98 + p2 A 9 4 ] (A9 4 and A9 8 art absolute values) (D-502)

The sign of the term containing must be determined by the sign of
alone. When ; is positive, the gear and pinion no. 2 turns negatively, and the
friction moment must be positive. Therefore, the term must have a positive nign,
and the absolute values of u must be used:

+ lul p2 A95 $ (D-503)

Note that Ag5 is an absolute value.

With the above considerations, equation D-497 becomes:

F 23 1b2 - "2 a2 + UP 2 A96 1 ' 12 [rb 'Ius (dl 'Ia) P2 '9 7

+ p [pf 2 A9 8 + p2 A9 4 ]+ I 2  5 $ A9 9 + A1 0 0 * (D-504) >11
Finally, the above is solved for F2 3 :

A102 F1 2 - A103 - A10 4 $+ A9 9 + A10 0  .
F (D-505)F2-3 AIO "i"

where
A101 Rb2 - u s2 a2 + U Q2 A9 6  (D-506)

A10 2  rb2 - sI (d, a1 ) - i p2 A97  (D-507)
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A10 3 " I (f2 A98 + 02 A94 (D-508)

A104 - II2 o2 A9 5  (D-509)

'Dynamics of Combined System in Coupled Motion (Applicable to Both Configurations)

As in reference 1, it is now necessary to develop a single differential
equation for coupled motion. This is accomplished by first substituting equation
fD-411 for F12 into equation D-505 for F2 3 . The latter expression is then made
part of the combined differential equation for the escapement, i.e., equation D-
240 or D-278. Therefore substitution of equation D-411 into equation D-505
gives:

S102
F23  1 I_ IR A8 2 8

101 A79  A8 1  -A 8 2  - A8 0

- 6 0 + mI " l (o sin y - 0 cos y )]

I A10 3 - A10 4 $+ A9 9 + A100 0 } (D-51O)

or A, 02 + I 
A, 02A1

23 AA AR L A 1 04
10 79 79

+ +2 102 A8 2  A 0  A6 0  A 0 2  A 03+ A99 ]

. A79 79

+ A 102 r sin y - 0  cos y)} (D-511)
A 1- (Ox y

•Al .A79 rc

-2 m-:1



- ., .,i i ,
. .41 ==4 . II I 4

" 'The above is now substituted into equation D-240

(A...[ I U -29 + [A5  (A 2 u+ I v) A29 A4 8 ] 2

A A A I
_9 102 R,

+ ASA 3 1 Uu -A01 100 - A79

.- A A A A (AI + A)
102 81 102 A82 " 102 60

ili ak+ A20-
79 A r 79

+ A -rm~ r0  (O sin Y-0yco ~

A A A 1 (A+ A + A m r (K sin 0- K cos o) (D-512)

". -inally, the above becomes*

'2A10 5  + AI 0 6  + A1 0 7 *

A=108 + A109 x y y

+ A11 0 [K sin R- K Cos 01 (D-513)

11011

where

- - ~~~A2  A 9 A 00 +A 9 A 9 A 2A 5  A5 1  pR -2A 2 9  9 A 10 0 + (D-514)

01101 A79  I

A10  A5  APR A2 9 A4 9 A, 0 2 A8 2... ,,,_.____._A106 =A51 (A 32 U 2 + IpFR V) A 29 A1,8 + 2AI0_ A7 (D-515)

A10 7  AS1 A3 1 U + A20 A49 (.!2 .1+ A1 0 4) (D-516)

_- 
31 A:-:_-04101 79

. i*The value of the signum function 87 decides whether entrance- or exit-coupled

notion is described by the differential equation D-513.
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A 29 49[1 2 (ASO + + A+
1 108 A 0 1  A79  103 A9 9

"29 As0o A51 (A9 + A30 ) (n-517)

A29 A4 9 A, 02
A1 0 9 -A 7 1 r (0-518)

A1: AS, (D-519)

Contact Forces for Coupled Motion

The contact force F23 is given by equation D-511:

111 4~ 112 0 113 *+A 11 4 (D50
23 A 101 (-5)

where
A I

A 102 1R + A 00  (D-521)

l INA-AA 2  (D-522) r1mAm .A 79 A

"A1 123  - A28l A104 ) (D-523)
79

A A104

(As 1 A60 A"• "~8 1024 g/ AI0 + A99

11 AI0-• Ien 03 csy ,::

/ '. 79 rc O Y-Y(D-524)

: - The contact force F12 is found with the help of equation D-505:

-- °F F23 A101 11Al5 +1A04 1-AI00 (D-525)
-- , 112 =AIO -

::: l i::: 144 :.:



V* R W! q 0- 771 - - - - '-'- -

where

A15 A 13 -A99 (D-526)

The contact force P , between verge and escape wheel, may either be obtained
from equation D-137 or rom equation 0-235. Therefore, from equation D-137 with
"the pallet variable *i'

1 ý2'
" [I + A31 + A 32 + A,1
29

m- r (K sin8 - K)] (-oo7) 0p CP re Ky (D-527)-'

where

A116 - A9 + A30  (D-528)

In terms of the escape wheel variable *, equation D-235 gives:

8 o * + A48  F2 3 A4 9 - A50  (D-529)
7,n ASS:::

Equations 0-527 and D-529 are valid both for entrance- and exit-coupled motion as
long as the common expressions for A2 9 and A5 1 are used (eqs D-278 to D-283).

Differential Equations and Contact Forces During Free ttotion

Pallet Free Motion Differential Equation

By letting P - 0 in equation D-527, the free motion equation of the
pallet is obtained, hrclch is now independent of entrance or exit conditions:

I2+A + A 1 .- A r [K sin a K cos 0] (D-530)
IPR 4 "A 3 2  11 r 116 mp cp x D-3

' i,

Escape Wheel-Gear Train-Rotor Free Motion Differential Equation

First let Pn be set equal to zero in equation D-52q. This results in:

izs 41+ A48 $2 = A49 F2 3 -A 5 0  (D-531)
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Note that this is also now independent of entrance or exit condition.

Nowo F23 (eq Dl-520) is substituted into the above expression. This
leads to:

02

AI7 In+-49AIA (D-532)":'..

A11 7  118  1 1 A 9 -A (D-534)1

where

A A49 A 11 1A117  I3 5  A 101 (-53

A4 9 A11 2A1 12 .A4  o + A (D-534)

A 49 A 113
A119 - (D-535)

A4 9 A1 14*A 120 -- (45 o + (D-536)

"•:•- ~~Equation D-5 31 may beesoved for tee free piiootiono 2.ontact forcbe Fmonfed ,:

='=---to oband for free motion, onare known: F2 sn fe oinvluso F3

101

L.
"Contact Forc Du + A41r + AM0otio*+IA4nU A50) (D-537)

F23 A 49

(The additional subscript F stands for free motion.)

Equation D-505 was derived for gear and pinion set no. 2. It may now be modifiLed
to obtain the free motion contact force FF12, using free motion values Of FF23,

and

PF2 3 A101 + A103 + A104  $-A99 A100

FF12 102
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Finally, with equation rp-526t

F72  A + A11  + A10
,1 F' 12 " 104 A002 0 . .. .. (D-539) I

Impact Rquations

The impact equations may be taken directly from reference I if care is taken
to adjust all parameters to the present notation. Just as in reference 1, onlythe kinematics relative to the fuze body counts, since all other angular veloci-

ties are common to both pallet and escape wheel.

For entrance impact the angle must be used, while for exit impact time
the angle ocv is applicable. Entralge and exit impact equations are identical
(ref 1). The~efore,

Skt (�s�I�S�" �TOTD�IA )+ l 2 A, 1(+ er )DI

I A' + I D+(4 4 STOT

* f~j~er -k~l)(D-541)

where

I - +1 N2  + I 2  (D-542)
STOT Z8 z2 32 ;4 31
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APPENDIX E

PROJECTILE KINEMATICS

149



BL.ANK PAGE



Until the time when actual aeroballistic data can be incorporated into pro-
gram SAEROV, the following expressions for the projectile kinematics will be
used:*

"Spin Simulation

Assuming a constant spin velocity, obtain for the spin kinematics:

0 -o (E-1)

SRPM x 2 
(1

and

-E PHIR = t (E-3)

Precession Simulation

Assuming that the precession velocity is also constant, the following is
obtained:

, 0 =o(E-4)

where

=DPSIE = -HI (E-5) "
" ~KP

* KP - KP, is a divisor to obtain the procession velocity as a fraction of
"the spin velocity

Kp 100 (E-6)

-F PSIE " £p t (E-7)
E E

* For nomenclature see appendix A.
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Nutation Simulation

The nutation angle is assumed to vary sinusoidally about some initial angle.
Then

8E THET - THETIN + TVAR sin (Kn t (E-8)

where

THETIN 8 degrees, the initial cone angle (E-9)

TVAR 2 degrees, the maximum change in cone angle (E-10)

Kn 6 to 8, multiplier of precession angular velocity ik, (E-I1)
to obtain maximum nutation velocity A

'EMAX

With the above

- TVAR* K * Cos(K

TVAR . sin (K (-13)

Drag Deceleration

The deceleration z zk of the center of mass, due to drag and expressed in
the projectile-fixed system, is given by

z = DDZ * - 386.4 * 10 (E-14)
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